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Mining of low grade ores is becoming more and more predominant, since high grade ores are 
becoming increasingly depleted. Below a certain grade, ores cannot be processed economically 
by conventional methods, such as smelting, roasting or pressure oxidation since they cannot be 
economically concentrated due to increased milling requirements for the same metal recovery. 
Therefore, low cost processing methods such as heap bioleaching are becoming attractive. 
Heap bioleaching is an established metallurgical route for the recovery of copper from low 
grade sulphide ores and pretreatment of refractory gold bearing sulphides. However, metal 
recovery is generally low (80 to 85% copper recovery is achieved in about a year) due to the 
slow heap bioleaching kinetics. It is believed that more metal values can be recovered in a 
shorter timeframe, if the kinetics of ferrous iron biological oxidation can be accelerated. This 
requires careful study of the bio-oxidation kinetics under heap-like conditions. 
Two different experimental methods are commonly used for the study of ferrous iron 
biological oxidation kinetics, namely batch and continuous culture techniques. However, the 
continuously changing conditions in batch culture and the slowness and bacterial wash out in 
continuous culture are significant weaknesses for these experimental methods. This work has 
evaluated the Redostat™ device for faster and controlled ferrous iron biological oxidation 
kinetics studies. The Redostat™ device offers controlled conditions as in continuous culture 
but the speed and concentration range of batch culture. 
Two series of experiments were carried out in the Redostat™ device, consisting of oxidizing 
ferrous iron in the presence and absence of Leptospirillul11 Jerriphilwn. The kinetic data 
generated with the Redostat™ current was compared with that generated under similar 
conditions by using two other established experimental methods viz., the batch and off-gas 
analysis methods. 
For the abiotic ferrous iron oxidation, it was found that the kinetic data generated with the 











energies of 61.32 and 63.61kj.mor l were calculated in the temperature range of 41.4 to 68°C 
and pH 1.1. These values are consistent with the activation energy values reported in the 
literature. A value of 69.74kj.mor l was calculated by using the off-gas analysis method. This 
slightly higher value was probably due to the low measurement accuracy of this method for 
low variations of oxygen concentration in the gas stream. 
The Redostat™ current method yielded reliable results only when ferric iron precipitation was 
minimized, either by working at very low pH below 0.6, or by minimizing the concentration of 
ferric iron present in solution at higher pH. At very low pH hydrogen evolution was promoted 
and a current efficiency of only about 80% was measured. 
For the biological oxidation of ferrous iron, the Redostat™ current method also yielded 
excellent results. The rate of ferrous iron oxidation measured with the Redostat™ current was 
found to be in good agreement with that measured using the off-gas analysis method. The 
specific growth rate 11 was measured at 35°C, pH 1.2, 5g11 of total iron and low ferric to ferrous 
iron ratios of 0.17, 0.51 and 1.65 (corresponding to 419, 452, and 482mV versus AglAgCI 
reference electrode) respectively. It is difficult to obtain data at such low ferric to ferrous iron 
ratios because of limitations of both batch and continuous cultures. The value of 11 measured 
was decreasing with increasing ferric to ferrous iron ratio as suggested by many ferrous iron 
biological oxidation kinetic models. The modified Monod equation for product inhibition by 
ferric iron was used to describe the growth kinetics. A maximum specific growth rate of 
0.12h·1 and a ratio Ks of 0.28 were calculated. The literature values of Ilmax are sufficiently 
K, 
close to the one calculated in this study under similar conditions, but the reported values of 
K\ are much lower than the value that was calculated in this present study. 
K[ 
It was also found that the biomass specific ferrous iron and oxygen consumption rates q Fe
'
+ 
and qo, and the biomass yields on ferrous iron and oxygen YFc>x and Yo,x were changing 











iron ratio. This phenomenon has not been previously described and could have significant 
implications for start-up of heaps. 
Kinetic data was generated rapidly with the Redostat™ device. It took one day to complete one 
run which was characterized by a specific redox potential, whilst continuous culture usually 
takes several days to reach steady state. The Redox potential was kept constant within an 
acceptable range of + 2m V and +4m V from the redox potential setpoint value for the abiotic 
and biological ferrous iron oxidation experiments respectively. The redox potential control can 
be improved for better ferrous and ferric iron concentrations control and longer runs by 
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Chapter 1. Introduction 
1. 1. Background 
The continuing supply of metals to satisfy the world demand is of crucial significance. A 
considerable number of metals such as copper, zinc, nickel, cobalt, antimony, tin, lead, 
bismuth, and molybdenum are found as sulphides (Barrett et al., 1993). Sulphide minerals 
conventionally undergo roasting, smelting, or pressure oxidation for metal recovery. 
Roasting and smelting generate sulphur dioxide as well as arsenic trioxide (if arsenopyrite is 
present), which are both of environmental concern. The use of additional emission control 
devices such as scrubbers to prevent pollution increases even more the capital and operating 
costs of these two techniques. Pressure oxidation is also an expensive metallurgical route since 
autoclaves are costly and require high level of operator training and skills. Therefore, the use 
of these conventional methods is justified only for concentrates which are economically 
produced from high-b'Tade ores and whose metal value can support the processing cost. 
The continuing depletion of high-grade mineral resources and the refractoriness of some ores 
have created a need for the development of new economically viable and environmentally safe 
processes for the treatment of lower-grade ores and ores that can not be handled by 
conventional technology to ensure the continued availability of a range of metals in the twenty-
first century (Barrett et al., 1993; Torma, 1993). 
Heap bioleaching is such a low-cost and environmentally favourable processing method and is 
applicable for low grade ores which cannot be economically concentrated and processed by 
conventional methods. Heap bioleaching significantly reduces production costs owing to lower 
energy requirements, lower labour costs, and lower reagent usage; diminishes capital costs due 
to simpler equipment and rapid construction and increases mineral reserves, because lower 
grade ores can be economically treated and varied mineral types can be processed. It also 
provides better environmental conditions and worker safety, because there are no toxic gas 
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Bioleaching is currently practiced on a commercial scale for pretreatment of refractory gold-
bearing sulphide minerals (Table 1.1), recovery of copper from chalcopyrite concentrates and 
secondary sulphide ores such as chalcocite (Table 1.2) and the extraction of uranium from its 
oxide ore U02 (Brierley and Brierley, 2001; Akcil, 2004; Brierley, 2005; Watling, 2006). In 
2003, the contribution of bioleaching to the production of copper, uranium and gold was 
estimated to be approximately 15%, 13% and 25% of the total world production, respectively 
(Akcil,2004). 
There is also considerable potential for bioleaching and pretreatment of a wide range of base 
metals and platinum-group metals. Microbial leaching has been shown at laboratory or pilot 
plant scale for the base metal sulphides of cobalt, gallium, molybdenum, nickel, zinc, and lead. 
Sulphide minerals occluding platinum-group metals (Pt, Rh, Ru, Pd, Os and Ir) can be 
microbially pretreated (Brierley and Brierley, 2001). 
Table 1.1: Commercial Tank bioleaching plants treating gold concentrates 
(Brierley and Brierley, 2001, Acevodo, 2002, van Aswegen et aI., 2007) 
Plant 
Fairview, South Africa 
































Chapter 1. Introduction 
Table 1.2: Commercial bioleaching of copper ores (Watling, 2006) 
Region/mine 
Cerro Colorado, Chile 
1993-
Ivan zar, Chile 1994-
Punta del Cobre, Chile 
1994-
Quebrada Blanca, Chile 
1994-
Andacollo, Chile 1996-
Dos Amigos, Chile 1996-
Zaldivar. Chile 1998-
Lomas Bayas, Chile 
1998-
Cerro Verde, Peru 1977-
Escondida, Chile 
Nifty Copper, Australia, 
1998-
Whim Creek and Mons 
Cupri, Australia 2006-
S&K Copper, Monywa, 
Myanmar, 1999-
Morinci, Arizona 2001-
Phoenix deposit, Cyprus, 
1996-




Heap bioleach 80xl06 at 
1.4% Cu 
Heap bioI each 5x I 0" at 
2.5% Cu 
Heap (bio)leach 10xlObat 
1.7%Cu 
Heap/dump bioleach 
85x I 06 at 1.4% Cu, 45x I 06 
at 0.5% Cu 
Heap/dump bioleach 
32x I Ob at 0.58% Cu 
Heap bioleach 2.5%Cu 
Heap/dump bioleach 
120x I 06 at 1.4% Cu, 
115x I 06 at 0.4% Cu 
Heap/dump 41 x I 06 at 0.4% 
Cu 
Heap bioleach at 0.7% Cu 
Heap bioleach 1.5x I 09 at 
0.3-0.7% Cu 
Heap bioleach 1.2% Cu 
Heap bioI each 900x I 06 at 
1.1 % Cu, 6x I 06 at 0.8% Cu 
Heap bioleach 126x I (/' at 
0.5% Cu 
Mine for leach 3450x I 06 at 
0.28% Cu 
Heap (bio)leach 9.1 x I 06 at 
0.78% Cu, 5.9xlOb at 
0.31% Cu 
240x I 06 at 0.63% 





Oxides/sulphides 1.5x I 0.1 
Oxides/sulphides 
Chalcocite 17.3x I 03 
Chalcocite 15xlOJ 
Chalcocite 3x I oj 
Chalcocite 20x I 0 ' 
Oxide/sulphides 36x I oj 
Oxide/sulphide 32x I 0.1 
Oxides, sulphides 
Oxides/chalcocite 5x I oj 
Oxides/sulphides 
Chalcocite 18xl(),' 






I OOx I 03 
7-8x103 
21xl03 











Tank bioleaching, which is used for sulphide concentrates, has made a lot of progress and a 
metal recovery of 95 to 98% is achievable after 5 days (Brierley, 2005) whereas heap 
bioleaching, which is used for low-grade sulphide whole ores, is still a developing technology. 
Its kinetics are still slow and the metal recovery limited (Petersen, 2003). Acid heap leaching 
of oxide minerals such as tenorite, cuprite, malachite, and chrysocolla might take hours to days 
but heap bioleaching of sulphide minerals such as chalcocite, covellite, bornite, and enargite 
takes months to years. A copper recovery typically ranging from 75 to 80% is achieved from 
150 days (Watling, 2006) up to 2 years (Petersen and Dixon, 2007b) from bornite and 










Chapter 1. Introduction 4 
leaches at about one fifth the rate of chalcocite and its heap bioleaching takes years (Watling, 
2006). 
The key role of microorganisms in bioleaching is the facilitation of oxidation of ferrous iron to 




It is believed that more metal values can be recovered in a shorter timeframe if the kinetics of 
ferrous iron biological oxidation (Eq. 1.1) are comprehensively understood since under certain 
conditions this bioleaching subprocess can be the overall rate controlling step of bioleaching 
(Hansford, 1997). Millions of tonnes of low-grade ore and copper-rich tailings await the 
development of an efficient and economic bioleach process for chalcopyrite (Watling, 2006). 
A number of kinetic models of the biological oxidation of ferrous iron already exist, yet there 
is still a need to develop a comprehensive kinetic model which includes all the operating 
parameters such as pH, temperature, total iron concentration, etc., and which is applicable to 
heap bioleaching conditions. 
Two different experimental methods are mainly used for the study of ferrous iron biological 
oxidation kinetics, namely batch and continuous culture teclmiques. Batch culture technique is 
characterized by a high initial concentration of ferrous iron which is depleted rapidly and in an 
uncontrolled manner. The changing conditions in batch culture directly effect the kinetic 
performance of iron oxidizing microorganisms (Boon et aI., 1999a) and make the interpretation 
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Continuous culture technique is a more reliable technique as the experimental conditions can 
be kept constant throughout the all experiment. But only very high ferric to ferrous iron ratios 
(> 100), and corresponding potentials (E > 600 m V against Ag/ AgCl 3M KCI electrode) can be 
investigated with this method because of wash-out behaviours at lower ferric to ferrous iron 
ratios or potentials. Also, this technique is time consuming; it takes days to complete an 
experiment for a given ferric to ferrous iron ratio. Lastly, the continuous culture technique 
might not reflect the real conditions prevailing within a heap bioleaching system as the heap is 
not really a continuous reactor. Some zones within the heap bed where the residence time is 
long enough can behave more like batch reactors where microorganisms oxidize ferrous iron 
reduced by the mineral particles and increase in number until a point of saturation. 
To address these downsides of batch and continuous culture techniques this work has 
evaluated the Redostat™ device which combines the speed of the batch culture technique 
with the controlled conditions of the continuous culture technique, for the study of 
ferrous iron biological oxidation kinetics. 
The Redostat™ device is conceptually a fed-batch reactor which has the potential to regenerate 
ferrous iron by reducing automatically and electrolytically ferric iron at a platinum cathode, 
thus keeping the redox potential constant within an acceptable range. At steady state, when the 
redox potential does not change, ferrous and ferric ions concentrations also remain constant 
according to the Nemst equation CEq. 3.1). Also, this device will help obtain a better 
simulation of heap conditions at laboratory scale, with the cathode regenerating ferrous iron as 
the mineral would, and the microbial population increasing until some point of saturation like 
in the heap bed. 
After the initial commissioning of the Redostat™ device, two series of experiments, abiotic 
and biological oxidations of ferrous iron were carried out in order to assess its performance as 
a faster, controllable and reliable experimental tool for the study of ferrous iron bio-oxidation 
kinetics. The kinetics of these two reactions were studied by using the Redostat™ current, off-
gas analysis and batch methods. The kinetic data generated with the Redostat™ current method 
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findings of this study and recommendations for future research are summarized m the 










Chapter 2. Literature Review 
2. 1. Bio/eaching 
2.1.1. Historical Background 
7 
Bioleaching has been practised since ancient times, although the principles governing it were 
unknown then. Galen, around 166 A.D., reported in his travel notes that in ancient Cyprus 
copper mines, cavities were excavated in mineral-bearing rock, permeable enough to let 
surface water percolate and become loaded with copper sulphate. Pregnant solution dripped 
from the roofs of these cavities and was collected in Roman amphorae before they were poured 
in ponds where copper sulphate was recovered by crystallization after water evaporation. Pliny, 
about a century earlier (23-79 A.D.), also reported in Book 34 of his Naturalis Historia that in 
situ copper-ore leaching was being carried out in the mines of Asturia, Gallacia, and Lusitania 
in Spain, for the production of solutions from which chalchantum (copper sulphate) was 
extracted (Rossi, 1990). 
Rio Tinto mines in Spain were the first recorded large scale heap leaching operation for the 
production of copper where bioleaching played a major role in the eighteenth century. It was 
believed that the Rio Tinto ore or the Spanish climate had some obscure and mysterious quality 
as this technique appeared to work only at Rio Tinto for many years and not elsewhere, like in 
the south-western states of the U.S.A. where the leaching of low grade copper ore was 
attempted without any success. It was only after the discovery of Acidithiobacillus 
ferrooxidans in acid mine drainages from coal mines and its ability to oxidise both the sulphur 
and iron moieties of pyrite by Colmer et al. between 1950 and 1951, that the need arose to 
investigate the possibility of using this bacterium for the oxidation, therefore the solubilization, 
of other metal sulphides such as copper sulphides and molybdenite (Brierley, 1982; Rossi, 
1990). 
Bryner et al. and Bryner and Anderson, in 1954 and 1957 respectively, provided the evidence 
of the ability of Acidithiobacillus ferrooxidans to oxidise other metal sulphides. Their 
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1966 Ducan et a1. were able to publish a list of as many as nineteen metal sufides whose 
solubilization had been shown to be enhanced by Acidithiobacillus ferrooxidans by several 
researchers all over the world. Since then, the microorganism has been isolated from all the 
acid drainage waters flowing from orebodies, mines and dumps of low grade ore, as well as in 
all the old heaps from Rio to Fenice Capanne to Szomolnok, where leaching had been 
performed with its effective mediation for centuries. Thus a correlation was established 
between the presence of the bacterium and the dissolution of metals in copper leaching 
operations (Brierley, 1982; Rossi, 1990). 
The discovery of Acidithiobacillus ferrooxidans and its properties marked the beginning of a 
new era (biohydrometallurgy) in the understanding of phenomena related to the formation of 
acid mine drainages and the leaching of sulphide minerals or bioleaching. Then in the mid-
eighties there was a breakthrough in bioleaching practice when in Minera Pudahuel in Chile 
the first copper mine switched from a mixed acid and bacterial leaching to full heap 
bioleaching of an ore containing 1 to 2 % copper with a production of 14,000 tonnes of fine 
copper per year. Since the 1980s bioleaching have been developing increasingly (Brierley and 
Brierley, 2001; Acevedo, 2002; Akcil, 2004). 
2.1.2. Definition and Mechanism 
Bioleaching can be defined as the oxidation and dissolution of metal bearing minerals, 
especially sulphide minerals, by ferric iron as the leaching agent which is regenerated by 
certain types of iron oxidising microorganisms. 
Ferric iron oxidizes the sulphide mineral MeS bearing the valuable metal to elemental sulphur 
and the targeted metal is either released into the leaching solution as a sulphate if it is a base 
metal such as copper or exposed for cyanidation in the case of occluded gold (Fig. 2.1). The 
ferrous iron produced by the ferric leaching (Eq. 2.1) is oxidized back to ferric iron by iron 
oxidising microorganisms (Eq. 2.2) so that the leaching can proceed in a cyclic way. The 
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acid by sulphur-oxidising microorganisms (Eq. 2.3) so that the mineral surface can remain 
exposed for further leaching. 
S 3 0 H 0 microorgallisms H SO + - 2 + 2 ----'----''''--''---''----) 2 4 
2 
Figure 2.1: Bioleaching mechanism 
(2 (1 llMeS 




For minerals such as oxides and carbonates, their metal values may be recovered by allowing 
the biological oxidation of pyrite (Eq. 2.4), to provide iron (III) and sulfuric acid solutions 
which solubilize the metal content. The solubilization reaction may also involve the oxidation 
of the metal to a higher oxidation state than it possessed in the mineral as in the bioleaching of 
uranium oxide ores (Eq. 2.5) (Barrett et al., 1993; Torma, 1993). 
(2.4) 
(2.5) 
2.1.3. Industrial Applications of Bioleaching 
Bioleaching is an economical and environmentally favourable metallurgical route for the 
processing of sulphide minerals. The use of bioleaching for the production of metals 
significantly reduces the capital and production costs. It increases the mineral reserves as the 
low grade ores and refractory gold bearing sulphides, which are becoming more and more 
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conditions as there are no toxic gas emISSIons such as sulphur dioxide or arsenic trioxide 
associated with it (Brierley, 2005). However, it is worth noting that in some cases conventional 
methods are preferable over bioleaching for the processing of mineral concentrates (Dreisinger, 
2005). 
As stated in the introduction, bioleaching is now exploited on an industrial scale for the 
production of copper from low grade sulphide ores (Table 1.2) and chalcopyrite concentrates 
(Brierley, 2005), the pre-treatment of refractory gold bearing sulphides (Table 1.1), and the 
production of uranium from its oxide ore U02 (Torma, 1993). 
Bioleaching is also used on a commercial scale for the production of cobalt from a 
cobaltiferous pyrite concentrate in Uganda (Morin and D'Hugues, 2007). There is still 
considerable potential for bioleaching of the base metal sulphides of Pb, Zn, Co, Mo, Ga, and 
Ni, and of sulphide minerals occluding platinum-group metals. The next commercial 
application of base metal bioleaching appears to be for nickel. Billiton has developed the 
BioNIC@ process as a biohydrometallurgical technology for extraction of nickel from low-
grade sulphide ores but its commercialisation will depend on selective recovery of the nickel 
from the leach solution (Brierley and Brierley, 2001). 
Different bioleaching teclmiques are industrially used depending on the grade or value of the 
ore to be processed. 
2.1.4. Tank Bioleaching 
Tank bioleaching is accomplished In highly engineered, aerated, continuously stirred tank 
reactors (Fig. 2.2). The tanks are made out of stainless steel, each as large as 1380 m3, and 
equipped with agitators that maintain the finely ground sulphide mineral concentrate in 
suspension and ensure that oxygen is efficiently transferred to the microorganisms. Each tank 
is cooled to maintain the bioI each solution at the proper temperature for the microorganisms 
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The mineral concentrate is added to acidified water containing NH4 + and PO/· ions and fed 
continuously to the first tank in a series of tanks. Mineral concentrates move from the first-
stage reactor(s) on a continuous basis through three to four continuous stirred tank reactors in 
series until the sulphide minerals are oxidized. This usually requires about a five-day residence 
time across the entire bioleaching circuit (Brierley, 2005). 
If the metal is a base metal, such as Cu2+, it dissolves when the mineral is oxidized according 
to reaction 2.1. The oxidized slurry exits the final reactor and undergoes solid/liquid 
separation, after which the solid is discarded and the liquid is processed (solvent extraction & 
electrowinning) to recover the metal (Brierley, 2005). 
If the mineral concentrate is gold bearing, the liquid from the last-stage reactor is neutralized 
and stabilized for safe disposal and the solid is processed by cyanidation to recover the gold. 
When micrometer-sized gold particles are embedded within sulphide minerals, usually pyrite 
or arsenopyrite, the direct cyanidation of these ores leads to a very poor gold recovery of 0 to 
30%. A sufficient oxidation of the sulphide matrix by bioleaching to liberate the embedded 
gold prior to cyanidation significantly increases the gold recovery (Brierley, 2005). 
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Figure 2.2: Continuous stirreJ tank biQleaching reacwrs, China (Uuknown source) 
The use 01' controlleJ ~onditions ;n eOlltinuous sti rred tank reactors, such as t~mperaturc, pH. 
and concentrations. resu lts in r:l pid and highly ctT~tive oxidation 01 su l phid~s. Since 
conditions are optimized for the microorganisms. numbers .... och 10" to 1010 organisms per ml 
of solution. Copper and go ld are recovered from chakopyrite and sulrtdic gold concentrates 
('J3blc 1.1) respectively by using tank hioleachi ng (Brierley. 2(05). 
Tank bioleaehing is ~ita ble for conccntrates only sin<:e low grad~ orcs whi<:h cannot be 
e<:onomi<:ally concentrated cannot cover the process ing <:os\. 
2.1 .5. Heap Bioleaching 
Low grade mewl resourccs arc becoming more (lnd more predominant no\\·adays as high grade 
ores are becoming more and morc depleted. These low grad~ reSOurCeS cannot be e~onomi<:ally 
processed by <:onventional methods or tank bioleach ing !le<:au'le of th~ cost of concentration or 
thei r low metal ,alue. Therefore a low <:ost processing method su<:h as heap biolcaching is 
indispensable lor low grade ores. 
The ore is typi~ally <:rushed to less than 19 mm and agglomerated with a<:idic watcr to bind 
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the heap. Agglomerated tl<Xllation tailing'> can also b.:: used instead or the ore (Rarrelt et aI., 
199."1). Large, slightly indined soil pad, are co~ercd with plastic, and 1\".0 array,> of perforated 
plastic pipes (one for air and the second for soiJltion ,ollection) are placed on the plastic. The 
ore is stacked 6-10 m deep on top of the plastic (fig. 2.3). The heap i, drip irTigated with the 
leaching solution and fim:ed air is provided through the pipes under the crushed ore. Nnturally 
occulTing microorganism~ prolifcmte, reaching 106 to 10' per gram of ore and per millilitre of 
solution (IJrierley, 2005). 
Ternperatures in the heap generally stay within the range for mesophilic bacteria but in some 
gold bioheaps they can reach a, much as 70°(. To accommoJate this temperuture rise all three 
groups or bioleaching microorganisms (mesophiles, moJerate th~nnophiles, anJ extreme 
thermophilcs) arc used within toc heap bed. with each group becoming ftctive as its 
t~mpermure range is achieved (Brierley, 2(05). Heftp heat balance is influenced by the heat 
generating potential or the ore (exothermic oxidalion 01' sullide,), which" largely a function of 
pyrite content, and toc ambient environmental conditions (climate), I'v"hich govem the net rale 
of gain at the heap surface. On lOp "fthese two factors the thennal effects ol'v"ing to lhe liquid 
and ga, f1ol'v"s must be taken into accounl (Dixon, 200(lj. 
Convoyor IIcJt 
St.cler 
Aerati oo Line, 
Figu re 2.3: Heap construct ion (Photo eOllrle~y of COlllpania M incrd 7..a lu i\ar) 
Regardles-; of irrigation mode, the kaching solution within the lkftp bed is divided into two 
parts, tlk flowing liquid and the ,>lagnant liquid (FLg. 2.4) (Petersen, 2(03). The stagnant liquid 
is mack up ofthc process solution ftlling up the intr.l-particlc pores, intra-agglomerates pores 
and any liquid 111m dinging to the surrace or agglomerates (~tagnant films). It is affected by 
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The flowing liquid i& the rest ofthe process solution flowing downward through the heap bed 
interstices as rivulets and films. This fraction is more likely 10 proceed through preferential 
discrete Ilowing channels b.:tween cluster:. 01' particles containing stagnant moisture. The 
flowing liquid phase <kpends primarily on the packing characteri~ti~s and to a lesser extent on 
the liquid ph)'sical propelties. the liquid and gas flow rates. Bouffard and Dixon reported a 




The transpOlt of reagents and reoction products within the heap bed is hy advection Ln the 
flowing liquid and gas, and by diJ'lusion at the gas/liquid interlace, stagnant liquid iIlowing 
liquid Inlerlace and through the stagnant liquid phase (Fig. 25). The reagents are brought by 
advection in the leaching sollllion and blown air. the carbon dioxide and oxygen are absorbed 
into the liquid phase and the dissohed reagent.\. dilTu.>e into and through the stagnant liquid lO 
react with the mineral particles (r:q. 2,1, 2.3). The reaction product~ dilTuse hack into the 
llowing liquid and are transpotted by ad\'ection to the bottom of the heap bed where the 
pregnant solution is collected for electrowinning after proper purification process (whent 
extraction) and the barren solution is recycled to the (OP of the heap for further leaching (Fig. 
2.6), But if the valuable meml to be recovered is gold, the pretreated ore is neutraliLed "ith 
lime, and cllCmi~ally leached. u&ually with a dilute cyanide solution to diMolve the gold 

















Fe1• lJactcrial Oxidation 
rigurt' 2.5: Reaction-transport network within the heap bed (Petersen and Hixon. 2007a) 
Smce the 19ROs, heap biolcaching of the copI",r su lphide minerals euls and CuS ha~ b.;en 
widely practiced commercially lbr ores grading OJ_ljo(o Cu Or occasionally hi~hcr (Table 
1.2). Copper extraction of mound 8()''/o is ~chicyed in (j to 15 months (vanes widely from place 
to placc) (Watling, 200n; Petersen, 20()7b). Heap biolcaching for pre-treatment oj" gold sulJidic 
orcs has b.;en practiced since the mid-1990s and it can takc up to 1.5 years deJX:nding (111 the 
ore particle sile ~nd oIher factors. Gold recovery oj"75-85% i~ achieved alter heap biolcaehin~ 
pre-treatment and cyanidation (Drierlcy, 2005). 
When the ore grade is very low (lower than about 0.5% for copper ores) to justil'y benclkiation 
with conventional processes or heap bioleaching, dliinp or in-silu bioleJching are used as 
leaching techn iques for the metal recovery. These techniques. similar in princ iples (0 hear 











"ery 10" g:r~d" 0 • ..". A dtnllp j'!l p'!" 01 "~sl(' Ilulennls or '-eT}' 10,," !."~lk tr~gJlltnled NCb 
whose size often exceeds 1 m ~flll the pik C,lJl Ix us h'gh a. oom. DUlllp<!IT(" also j rfiS~le,J wi.h 
a leaching ""Iuhon Ii-om the lOp hk\' hC~f» bUl llle l1Ii~foor£~nisms gCl1hcir o>.ygrn:loo cart>on 
di Qx id t I'roll1 n~\ur~l COIl \,ect>on 01' air call.cd by the Icmpclaturc risc wi lhin the dUlup hod For 
,n ·Sltu lex iling, the l e~ching w lution is apl,lkd 10 Ih. permeab le OrC hod)' \\'il llQUI rem<)l'ing il 
ITom the ground. DIIIl1p l e~cllJng of copl>e'" ~nd m-" lu leaching 01" Llranium JUct copper ~"e 
establ ishaJ 1'4"o""du.,,, (Rarrell e. al .• 1993: 9. ,(" Icy. :roOS). 
...... -" ......... . 
Although heap biokaclling is ~n es\uhlishelJ I\l\!w llurgicu l method fO! the I'cco\'C')' or copper 
anJ ).;0 10.1 Ihere is still a need to Improve ils kinetic s. l he overall rale of h~ap blol c~chjng 
.k~nd~ on ~ long and comp lex cham of S\lbpNC=es stICh as di ll"u<lon of tl"iOlwd 
COn.;lIIUl.'Il1S, gas ' ti'lu id nl.1. .. , lr:ln, f~r, ferrol" iron h,OOXI<iatioA, and 1ll1ner~1 o~jdation (Fig. 
S 2). In gcncrnl. tht' slowest o f dJeSe ,ictennines the o,·"rall rate. II IS bchc\'cJ lIt~l unuer 
CCI'1alll condUtODS the- b:otogi:::ll 0.1idmon of fenou. Iton .... JIl be the overatl r.;uc· ~"OlI u oJtins 
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2.2. Ferrous Iron Biological Oxidation 
2.2.1. Iron-oxidizing Microorganisms 
The microorganisms involved in the leaching of metals from ores obtain energy for 
reproduction and maintenance by oxidizing ferrous iron Fe2 !, and elemental sulphur So. These 
organisms require oxygen as their electron acceptor and carbon dioxide as their sole carbon 
source, obtained from air, and some nitrogen, potassium, phosphorus, and other 
macronutrients. The biornining organisms need a SUlphuric acid environment of pH 2.5 to a 
lower pH limit of about 0.5 (Brierley, 2001). 
There are three distinct groups of biomining organisms (Brierley, 2001): 
1. mesophilic bacteria that live and reproduce at about 10-45°C; 
2. moderately thermophilic (heat loving) bacteria that function at about 45-60°C; 
3. and extremely thermophilic archaea, which grow in the 60-90°C range. 
2.2.1.1. Mesophilic Bacteria 
The most common iron-oxidizing microorganisms found in commercial bioleaching systems, 
at moderate temperatures below 40°C, are Acidithiobacillus jerrooxidans, Leptospirillum 
jerriphillim (previously thought to be Leptospirillum jerrooxidans) and Leptospirillum 
jerrooxidans (Rawlings et aI., 1999; Coram and Rawlings, 2002; Romero et aI., 2003; Watling, 
2006). 
Acidithiobacillus jerrooxidans are gram-negative nonsporulating rods (Fig. 2.7a), 0.5-0.6 /-lm 
wide by 1.0-2.0 /-lm long, with round ends, occurring singly or in pairs, rarely in chains (Fig. 
2. 7b). They are motile by means of a single polar flagellum and are found naturally in acid 
mine drainage waters of sulphide ore deposits, bituminous coal mines, and commercial 
bioleaching systems (Nemati et a!., 1998; Rawlings et a!., 1999). These bacteria grow on 
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et ai., Aridirhio/Jacilliis/i'rrooridolis Jre Jbk to fix atmospheric nitrogen to SJtisfy their 
nitrogen reqlLir~m~nt. This properly might ~xpbm the ac.livity of Acidithi,,"acillus 
jFrrooxidatlS in the ab'elKc of any other obvious mtrogen source (Barrett et a!., 1(93), They 
,,'TOW between 4' C and 40"C with an optim:1itcmpcrature around 3rc. Their growth JOO the 
related o.~id:1tion rate decre:1se r~pl<lly abO\e the optimal temperature . The pH of the >DilIlion 
in which th~y can "eCllT is withm the rang~ of I .~ to 6.0 wi th In optimum hctween 2.0 JIK12.~. 
They usually do not slLryiveabo\e a pH of6,5 Or below a pH 01 I (Nemat i el al" 1998). The 
mean g~neralion time quokd for grov,th 01 Aculi tluobacillus jFrrooxidwls on ferrou, iron, td 
(E'l, 2,35), 1.' between 5 10 12 hours (Pronk Jnd John'on, I ~(3) , 
",.. 
Figure 2.7; ' I I" micl"o!!l"aph ora Sillgl~ (a) e~lJ and a chain 
Acidilitiobacifllls fi'rrooxidans ( Rossi. 199Q) 
Lt'plaspirillllmjemjJhiillm Ifl.·rri, iron; philllm, loving) al'~ small cUI'1,'~d rod cells or spirilla. 
mcasunng 0.3 to 0.6 ,lLm wide and 0.9 to 3.5 fIn1 long. CeiL, are gram negative, 'pore iomllng. 
and moti le hy mea"" 01 a .'ingle polar Ilage1l llnl. Growth is aerohic and chemolithotrophlc, 
with ferrous iron but l10t sulphur serving: as the energy source, Optimum pll is 1.4 10 1,8 JnJ 
t~l11rerJlUre 30 lo 3TC with possib le growth:11 --lYe (Comm alKl Rawlings. 1002), 
Lt'plospirillum Jcrrooxidans are b'Tam-negati, e, l'U'" ed rod _,hap~d or vihrioid hac leria (Fig, 
1.8a), 0,9 to 1.1 ~m long hy 0.2 to 0.--1 ~111 wlde. They can rorm longer _'piraL, hy joining vihrio, 
at their ends (Fig. 2.8h). They are moIlle by means or a polar nagellurn. Unlike 
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thi5 is why it is impossible for them to gro" on sulphide minerah (m their own. They to'TOW in 
the temperature r~llge of IS"C to less tha~ " S"C (Coram et aI., 2(01) with ~n optimum ~rOlll1d 
J5'C. The pH of the solution in which tlleY c~n survi\e is within the range of0.~ to 4.0 with all 
optimum of 1.2 to 2.0. The mean gener~tl{}n time quo ted for growth on fenous iron. to (Eq. 
2.35), is between 10 to 15 hours (Rossi, 1'1'}(); Pro~k alld Jolmson, 1993: llosecker, 1997: 
Rawling' et aI., 1999). 
Lrplospirilhml species ~re widesprcad in ore deposits, in orc dumps, ~nd in so lutiolls produced 
ill the process ot copper lei>Ching (Barrett et al., 1<,193: Brierley, 2()() I ). 
Acidilhiob"dllu., jerrooxiJan., is considered to be mOre tolerant of low temperatures and less 
toler~nt of high temper~tures th~n i5 r.C'plOspiri/lum jC'ri'ooxiJall'i. Thi, latter Lolerates 10;\ er pH 
nlues alld highel' concentr~tions of fCITic iroll (higher redox potcnti~ls), ur~nlum, 
molybdenum. silver, and sulphates than the first, but it is morc sensiti\'C to copper (l\orris C1 
al. 19S7; S~nd eL al. , 1992: Bo';Ccker, 1997; Ra" lings et al. 1999: Romero et aI., 20(3). 
Figurr 2,8: Vibrio (a) and spirals (b) "r L"pm,'pirill"," j<'mmxiilllll ., 
(Rossi, t99(}, Rawlings rl aI. , 1999) 
For temperatures exceeding 45"C the activity of AdJllhiobacillus f('rmoxidans and 
Lcpl()spirillum species I' ' lrongly inhibited. The nllcrobial oxid~tion oj' ierrous iron, beyond 
tltis temperature, is carned out by moderate (50°C to 60°C) and extreme themlOphile' which 
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2.2.1.2. Moderately Thermophilic Bacteria 
The existence of moderately thermophilic acidophilic bacteria in thermal spnngs and ore 
deposits was demonstrated by Le Roux et al., Brierly, JA and Lockwood in the United States 
and by Golovacheva and Karavaiko in Russia. Some of moderately thermophilic bacteria have 
been classified as being members of the new genus Sulfobacillus. others are still known only 
by their code names. It is quite possible that some or even all the non-classified moderate 
thermophiles will be assigned to the genus Sulfobacillus when they have been fully 
characterized (Barrett et al., 1993). 
The genus Sulfobacillus is composed of aerobic Gram-positive facultatively autotrophic 
extreme acidophilic eubacteria which are able to use iron (II), elemental sulphur and reduced 
sulphur compounds as energy sources. The bacteria of this genus are morphologically similar 
in that they consist of straight rods, 111m in diameter by 5-1 Ollm long, although other forms are 
sometimes observed (Barrett et al., 1993; Brierly, 2001). 
The moderately thermophilic bacteria are found in the same types of natural environments as 
the mesophilic bacteria, becoming more abundant as the temperature increases (Brierly, 2001). 
2.2.1.3. Extremely Thermophilic Archaea 
Extremely thelmophilic archaea have no rigid wall surrounding the microbial cell like other 
biomining bacteria, but have a membrane covered with an amorphous layer. They are 
facultative chemolithoautotrophs and grow under autotrophic, mixotrophic or heterotrophic 
conditions. Under autotrophic conditions they oxidize iron (II) and various sulphur substances 
to gain energy for reproduction and maintenance. They grow and reproduce in sulphuric acid 
environments approaching boiling temperatures with high dissolved metal content and low 
amounts of oxygen, carbon dioxide, ammonium, and phosphate. These organisms are I-211m in 
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Slilfolobus species belong to this class. Sulfolobus-like archaea have been found at higher 
temperatures such as the 70D C bioI each process for copper from chalcopyrite (Barrett et al., 
1993). 
The archae a dwell in the harshest conditions on Earth - very hot acid springs, volcanic zones, 
hot coal waste piles, deep oceans where sulphur gases vent, and hot biomining operations 
(Brierly, 2001). 
2.2.2. Mechanism of Ferrous Iron Bio-oxidation 
The electron transport chain in Aciditithiobacillus ferrooxidalls 
During the microbial oxidation process, ferrous iron is the electron donor while oxygen is the 
electron acceptor. Electrons flow from ferrous iron (Eq. 2.6a) located outside the cell to 
oxygen in the cytoplasm (Eq. 2.6b) via an electron chain of redox proteins namely, rusticyanin 
and cytochromes (Fig. 2.9). The reduced oxygen is transformed into water. Therefore, the 
microbial oxidation reaction of ferrous iron can be split into two half reactions as follows 
(Rossi, 1990; Nemati et al., 1998): 
(2.6a) 
(2.6b) 
Sulphate ions seem to play an important role in the mechanism of ferrous iron oxidation as 
they act as an anionic stabilizer of the exa-aquated Fe2+ complex which serves as a direct 
substrate for the iron-oxidizing enzyme system. The electrons transfer and the pH gradient (i.e. 
acidic periplasm relative to a near neutral cytosol) caLise a potential gradient 6E across the cell 
membrane which becomes charged positively on the outer side and negatively on the inner. 
The migration of a proton across that potential gradient 6E releases energy that is used for 
ATP synthesis, NAD(P) reduction for CO2 fixation and mechanical work. When compared to 
the oxidation of glucose, that of ferrous iron does not yield much energy. 20.5 mol of Fe2+ 
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on the assumption that the bacterium requires 500.2 kj of energy to fix this much carbon at 
100% efficiency. But efficiency values as low as 3.2% to as high as 30% have been reported. It 
is obvious therefore, that large quantities of iron must be oxidized by the bacterium to satisfy 
its energy requirement (Rossi, 1990; Nemati et aI., 1998). 
Figure 2.9: Fe2+ oxidizing -chain ofAcidithiobacillus ferrooxidans (after Ingledew 
and Houston). Cu refers to rusticyanin; C, cytochrome c; at, 
cytochrome a] (Nemati et aI., 1998). 
2.2.3. The Kinetics of Ferrous Iron Bio-oxidation 
The rate of ferrous iron oxidation in aqueous solutions has been shown to be a function of the 
concentrations of ferrous iron, oxygen, and hydroxyl ions in solution. Some other anions 
besides hydroxyl ion are also known to affect the rate of the reaction. In acid solutions with 
pH below 2, the reaction usually shows no dependence on pH. McBain was the first to examine 
the kinetics of the oxidation reaction, and he obtained the following rate equation by 
experiments with sulphuric acid solutions: 
(2.7) 
The validity of equation (2.7) was confirmed later for sulphuric, nitric, and perchloric acids 
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(1986) also found second-order rate equations with respect to ferrous iron, which are given by 
equations 2.8 and 2.9 respectively, for the abiotic oxidation of ferrous iron in aqueous 
sulphuric acid solutions. 
k[Fe2+]2[02] 
- rFe2 + - [H+]O.36 (2.8) 
(2.9) 
where Po is the oxygen partial pressure 
2 
However, it was found by some researchers that, when complexing anions such as cr are 
introduced, the rate of Fe (II) oxidation by oxygen in aqueous sulphuric acid solutions is 
described by a first-order kinetic equation with respect to ferrous iron (Chmielewski and 
Charewicz, 1984). 
The mediation of microorganisms in the oxidation of ferrous iron makes the rate of oxidation 
several orders of magnitude greater than the rate of abiotic oxidation of ferrous iron. The 
biological ferrous iron oxidation and microbial growth kinetics are related since biomass 
formation (Eq.2.10) is dependent on the energy released for carbon fixation, which in turn 
depends on the oxidation of ferrous iron. 
(2.10) 
The right hand side tern1 of equation (2.10) is a stoichiometric formula of bacteria which refers 
only to the organic part of biomass (Roels, 1983). 
2.2.3.1. Biomass Yield on Ferrous Iron 
It is the amount of carbon-moles of biomass produced per mole of ferrous iron consumed and it 
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r Y = X 
Fe2+X -r 
Fe z+ 
[mol Clmol Fe z+] 
rx is the rate of biomass production or growth rate. 




[mol C I mol Oz] 




Since ferrous iron oxidation and growth are related the kinetics of the two reactions can be 
linked by combining equations (2.2) and (2.10) into one balanced equation (Eq. 2.13) (Boon, 
1996). 
CO Z+0.2NH;+ 1 FeZ++[1-44;2YFe2+xJoz+[ 1 -0.2JH+~ 
Y Fe 2+ X Fe 1+ X Y Fe 1+ X 
[ 1 _ 0.6J H zO + 1 Fe 3+ + CH J.sOo.sN O.Z 2YFe2 +x Y Fe 2+ x (2.13) 
In the overall reaction (Eq. 2.13), oxidation and growth are put together and it is much easier 
this way, by performing a degree of reduction balance over it (Boon, 1996) or by 
stoichiometry, to relate the rate of ferrous iron oxidation to the rate of biomass production and 
oxygen utilization (Eq. 2.14). The rate of carbon dioxide utilization is equal to the rate of 
biomass production since Imole of CO2 is consumed per carbon-mole of biomass produced 
(Eq. 2.13). 
- r 2+ = - 4ro - 4.2 reo 
Fe 2 2 
(2.14) 
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2.2.3.3. Biomass Specific Ferrous Iron Oxidation Rate 
The biomass specific ferrous iron oxidation rate is the amount of ferrous iron consumed per 
unit time and carbon-mole of biomass and it is given by (Boon, 1996): 
[mol Fe 2+ / mol C .h] (2.15) 
Cx is the concentration of biomass in the culture medium. 
Similarly the biomass specific oxygen consumption rate is the number of moles of oxygen 




2.2.3.4. Pirt Equation 
[mol 02 / mol C .h] (2.16) 
This is another equation relating the rate of ferrous iron oxidation to the growth rate. It also 
accounts for the energy used by microorganisms for growth and maintenance. 
The Pirt Equation (Pirt, 1982), for growth on ferrous iron, is given by: 
(2.17) 
The maintenance coefficient on ferrous iron In " is defined as the amount of ferrous iron that 
Fe-
is required per unit of time to maintain one carbon-mole of biomass and the maximum biomass 
yield on ferrous iron ~I~~:X is the maximum amount of biomass that can be produce per mole 
of ferrous iron consumed (van Scherpenzeel et al., 1998). 
The Pirt equation can also be expressed in tenns of q Fe'. (Eq. 2.18) or Y
Fe
, " \ (Eq. 2.19) by 
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11 is the specific growth rate. 
11m FeH 
--=--+--y ymax 




The maintenance coefficient and the maXImum biomass yield are constants for a certain 
microorganism growing on a certain substrate. Thus, the Pirt equation only applies if a linear 
relation exists between the rates of ferrous iron oxidation and microbial growth. The 
applicability of the Pirt equation can be examined by using q Fe" or YFe,.x' If the Pirt equation 
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Figure 2.11: _1_ versus ~ graph 
Ypc '+\, JI 
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Equation (2.18) or (2.19) can be used graphically to determine the values of the maximum 
biomass yield and maintenance coefficient on ferrous iron (Fig. 2.10-2.11). From these two 
equations it is obvious that the biomass specific ferrous iron oxidation rate and the actual 
biomass yield depend on the specific growth rate 11. 
Similarly, the Pirt equation relates the oxygen consumption rate to the bacterial growth rate 
and the maintenance requirements of bacteria growing on ferrous iron: 
r 
r =_x-+111 C. 
- 0, y"UX 0,.\ 
O,X 
(2.20) 
In this equation, y;,;a;, is the maximum yield of biomass on oxygen and Ino, is the maintenance 
coefficient of biomass on oxygen. These two parameters are detemlined graphically by plotting 
the biomass specific oxygen consumption rate versus 11 (Eq. 2.21) or the reciprocal of the 
actual yield of biomass on oxygen versus the reciprocal of the specific growth rate (Eq. 2.22). 
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If the Pirt equation applies the maximum yield of biomass on ferrous iron can be related to the 
maximum yield of biomass on oxygen by means of the degree of reduction balance: 
4ymax 
ymax = Fe 2+X 
0,)( 1 _ 4.2 ymax 
Fe 2+ X 
(2.23) 
and the maintenance coefficient on ferrous iron can also be related to the amount of oxygen 
used for maintenance: 
(2.24) 
2.2.3.5. Ferrous Iron Bio-oxidation Kinetic Models 
It has been shown that the growth of microorganisms on ferrous iron depends on different 
factors such as temperature, pH, concentrations of ferric and ferrous iron, concentrations of 
toxic ions, dissolved oxygen, carbon dioxide, etc. Mathematically, this relation is written as 
follows (Nemati et aI., 1998): 
(2.25) 
The specific growth rate Il shows how quickly growth is taking place III a particular 
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Substantial effort has been made to model the kinetics of ferrous iron bio-oxidation using one 
of the following equations as the starting point (Breed and Hansford, 1999): 
- The Michaelis-Menten equation 
r;1:1X Cs r =-----'-----
P Kill +Cs 
(2.26) 
- The Monod equation 
JIm., Cs JI = . 
Ks +Cs 
(2.27) 
- Or the logistic equation (G. Rossi, 1990) 
dCx _ dt - Jlma. C x (1 - a C x) (2.28) 
rp is the rate of product formation, r~"ax the maximum rate of product formation, !-lmax the 
maximum specific growth rate, Cs the limiting substrate concentration, Km and Ks the 
Michaelis and Monod constants respectively, and a is a constant. 
To date a number of kinetic models for ferrous iron bio-oxidation have been proposed (Nemati 
et a!., 1998; Ojumu et aI., 2006). These models can be broadly classified as either Michaelis-
MentenJMonod (Eq. 2.29-2.31) or empirical based. Michaelis-Menten based models assume 
that the rate limiting reaction can be described using the traditional enzyme kinetics whereas 
empirical models use tools such as the logistic equation (Eq. 2.28) to model the kinetics. 
Lacey and Lawson (1970) used the Monod equation (Eq. 2.27) to describe the kinetics of 
ferrous iron oxidation in batch culture. Jones and Kelly (1983) modified the Monod equation to 
account for ferric iron inhibition (Eq. 2.29) and Bradlock et a!. (1984) introduced the concept 
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(2.29) 
(2.30) 
Ks and Ki are substrate (ferrous iron) saturation and ferric Iron inhibition constants 
respectively. 
Boon et al. proposed a rate equation (Eq. 2.31) incorporating both ferric iron inhibition from 
Kelly and Jones and a threshold value from Braddock et al (Hansford, 1997, Boon et a1., 
1999a) 
(2.31) 
q~~l:\ is the maximum biomass specific oxygen utilization rate. 
And if the Pirt equation applies (Eq. 2.21) and the maximum specific growth and oxygen 
consumption rates coincide (Eq. 2.32) a specific growth rate equation (Eq. 2.33) can be derived 
from equation (2.31). 
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Hansford (1997) developed a simple rate equation (Eq. 2.34), which well approximates the 
kinetics of ferrous iron bio-oxidation, by neglecting the ferrous iron saturation term and the 
threshold ferrous iron concentration in equation 2.31. 
K 




Although the kinetics of the microbial oxidation of ferrous iron has been modelled the 
challenge still remains in incorporating the influence of other parameters such as temperature, 
pH, toxic ions, concentrations of dissolved oxygen and carbon dioxide etc. and in extending 
the applicability of these models to heap bioleaching operating conditions (Nemati et aI., 1998; 
Ojumu et al., 2006). Therefore, the study of the kinetics of ferrous iron bio-oxidation is still in 
progress using different experimental techniques. 
2.2.4. Current Experimental Techniques for the Study of Ferrous Iron 
Sio-oxidation Kinetics 
This section is dealing with some experimental methods that are currently used to understand 
the kinetics of ferrous iron bio-oxidation for bioleaching purposes. All these methods consist of 
growing iron oxidizing microorganisms on ferrous iron in an experimental vessel. 
2.2.4.1. Microbial Growth Kinetics 
When microorganisms are cultivated under favourable conditions such as optimum 
temperature and pH, water, oxygen and nutrients availability, they grow exponentially. The 
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and 50°C for mesophiles and moderate thermophiles or above 50°C for extreme thermophiles 
and their optimum pH are around 2. They are chemolithoautotrophs which grow on ferrous 
Iron. 
If C N is the concentration of cells at a time t the growth equation is as follows: 
dCN - C 
dt - J.i N (2.35) 
As sometimes it is quite difficult to count individual cells in a culture, growth can be expressed 
in terms of biomass which is an easier parameter to measure. Then equation (2.35) becomes: 
dC __ x =r =J.iC 
dt x x 
(2.36) 
In practice, when cultivating microorganisms, they do not immediately multiply exponentially 
after inoculation. The growth process passes through these following successive phases 
represented by the sigmoid curve below (Fig. 2.12): 
- The lag phase 
- The exponential phase 
- The stationary phase 
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Figure 2.12: Microbial growth curve 
33 
The lag phase is characterized by an absence of significant cell multiplication and an 
adaptation of microorganisms to the new environment. Its duration can range from a few 
minutes to several hours and even days (for Acidithiobacillus ferrooxidalls (Rossi, 1990)). For 
a certain type of microorganism, the length of this phase depends chiefly on the growth 
conditions and the state of the inoculum (size and physiology). The lag phase is shortest where 
growth conditions are good and the inoculum is large and consists of actively growing cells. 
Poor growth conditions, a small inoculum or cells taken from a previous culture in lag, 
stationary or death phase will result in a longer lag in this new culture (Rossi, 1990). 
After the lag phase, the exponential phase starts where microorganisms grow exponentially 
according to equation (2.35) or (2.36). The slope of the portion of the curve (Fig. 2.12) 
representing this phase gives the specific growth rate /l. Growth, during this phase, is also 
characterized by the cell generation time which is defined as the mean time between one cell 
















The growth rate is influenced by the growth conditions and the type of microorganism. If 
exponential phase cells are removed from a nutritionally poor medium to a nutritionally rich 
medium a short lag phase will occur but the subsequent growth rate will be observed to be 
faster than before the transfer (so-called shift up). Conversely, if exponential phase cells are 
moved from a nutritionally rich growth medium to a nutritionally poor growth medium, there 
will be a longer lag phase as cells need to switch on metabolic pathways not previously 
utilised. The subsequent growth rate will then be observed to be slower than before the transfer 
(so-called shift down). 
The stationary phase takes place when the microbial population no longer grows. During this 
phase there is either no cell division or equality between the growth rate and the death rate due 
to the depletion of nutrients, changes in pH, formation of toxic metabolites, etc. 
The last phase, phase of decline, occurs when the death rate becomes greater than the growth 
rate resulting in a decrease of the microbial population. 
The batch and continuous culture techniques, used to investigate ferrous iron bio-oxidation 
kinetics, pass at least through the first two growth phases. 
2.2.4.2. Batch Culture Technique 
A batch culture is characterised by a microbial population growing in a medium until the 
supply of nutrients is depleted. There is no fresh feed to compensate what microorganisms 
have consumed and all the products of the metabolic process remain in the culture. This 
accumulation of metabolites in the culture can lead to inhibition effects on growth. 
Since there are no fresh feed and disposal of toxic metabolites in a batch culture, 
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population) stops as soon as there is insufficient substrate to sustain it or once the 
concentration of toxic products cannot be tolerated by the microorganisms any more. At this 
stage the batch culture can be either in a stationary phase where the growth rate is equal to the 
death rate or in a phase of decline where the death rate is greater than the growth rate (see Eq. 
2.39). 
Batch culture is an unsteady state technique where the concentrations of substrate and biomass 
in the medium are changing with the time as shown in the following Biomass and Limiting 
Substrate Mass Balance equations respectively: 
dCs 1 




kl is the specific death rate. 
Boon et al. (1999a) studied ferrous iron bio-oxidation kinetics in batch cultures. The first hours 
of the experiment show a disagreement between the values of the specific growth rate ~ 
measured using the off-gas analysis method (mu batch curve in fig. 2.13) and those calculated 
(mu cal. curve in fig. 2.13) using the kinetic model (Eq. 2.33). According to equation 2.33, at 
low ratios of [Fe
2
3
+] or high ferrous iron concentration in the initial phase of the batch culture 
[Fe +] 
experiment, Pma, would occur, but the measured specific growth rate increases until a 
maximum is reached after some hours. Boon et.al (1999a) propose that this dynamic behaviour 
of the growth kinetics is caused by "major changes in the anabolic system" which can occur 
under changing external conditions. Therefore, during this dynamic phase of the batch system, 
the specific growth rate ~ cannot be described by the rate equation for competitive product 
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Figure 2.13: J.1 versus [Fe3+]1 [Fe2+) in batch culture (Boon et at, 1999a) 
36 
After the dynamic phase, where growth and oxidation are said to be uncoupled, a rapid pseudo-
steady state takes place and the two curves in figure 2.13 coincide. This only occurs during the 
last hours of the batch experiment and at this stage the ratio [Fe3+] / [Fe2+] changes so quickly 
that sometimes it is much more difficult to monitor its effects (Boon et aI., 1999a). 
It has been shown that the batch culture technique is inappropriate to quantify the effect of total 
iron, toxic metal ions and pH on the steady state kinetics of ferrous iron bio-oxidation. The 
values of the kinetic parameters q;;';X, I'max' and :5 generated with this technique are not 
1 
always consistent with those measured using a continuous culture under similar conditions 
(Boon et aI., 1999a, Boon et aI., 1999b). 
To accommodate these problems a continuous technique (chemostat) or a fed-batch culture, 
where the substrate depletion is compensated, can be used. Unfortunately, the latter method is 
not suitable for bioleaching studies when the feed added to regenerate ferrous iron contains 
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2.2.4.3. Continuous Culture Technique (Chemostat) 
In a continuous culture the microbial growth is maintained in the exponential growth phase 
(Fig. 2.12) for as long as possible by compensating the consumption of substrate with a 
permanent fresh feed and eliminating the metabolic products in a continuous overflow (Fig. 
2.14). When steady state is reached the concentration of biomass and substrate remain 
constant. And the mass balance equations are written as follows: 
- Biomass mass balance 
(2.40) 
~ D = Jl (at steady state and kd ~ 0) (2.41 ) 
- Substrate mass balance 
dC \' 0 1 --' = D C s - D C <. - Jl Cx --. - III s C \' ~ J ~x ' (2.42) 
~ C . = D (C~ - Cs ) 
,~ 1 
(D-- + III ) 
Y max S sx 
at steady state (2.43) 
D is the dilution rate which is the flow rate F divided by the volume of the continuous culture 
V and C~ the concentration of substrate in the feed. 
From equation 2.43 the relation between D and ex is plainly shown, so the growth of 
microorganisms Cx in a continuous culture can be controlled by adjusting the concentration of 
substrate in the feed C~ and the dilution rate. If Monod kinetics (Eq. 2.27) apply the 
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it does not depend on C~ (Eq. 2.44). The dilution rate is used in continuous culture to set the 
ratio ferric to ferrous iron at a desired value. It can only vary in a certain range of values. When 
D becomes too large the culture will be washed out and as a result the concentration of the 
substrate in the feed becomes equal to its value in the overflow and no reaction takes place any 





The continuous culture as a steady state technique is the most reliable experimental method for 
the study of ferrous iron bio-oxidation kinetics. However, this method is time-consuming and 
limited to high potentials (Boon et aI., 1999b). The residence time ~ for continuous cultures 
D 
typically ranges from 10 to 150hours and steady state is only assumed after 3 residence times. 
Therefore, to generate a set of data at different residence times like in figure 2.14, where the 
residence time varied between 10 and 100h (Breed and Hansford, 1999), if one takes a step of 
10 hours between two successive residence times it will take 450h (about 19days) (Eq. 2.45) 
and 1650h (about 2 months) (Eq. 2.46) to get 5 and 10 datapoints respectively. 
At = 10*3 + 20*3 + 30*3 + 40*3 + 50*3 = 450h (2.45) 
At = 10*3 + 20*3 + 30*3 + 40*3 + 50*3 + 60*3 + 70*3 + 80*3 + 90*3 + 100*3 = 1650h 
(2.46) 
Therefore, there is a need to develop a faster method for ferrous iron bio-oxidation kinetics 
studies. The method that Boon et a1. developed by telminating the feed of a continuous culture 
of Acidithiobacillus ferrooxidans thus changing it into a batch system cannot be unfortunately 
applicable to kinetic measurements with Leptospirillum ferrooxidalls because its very short 
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Chapter 3. Experimental 
3.1. Apparatus (Anonymous, 2005) 
This work has lLsed the Redusl;!l'" J~vi~e (Fig. 3.1) as lh~ ~"p~rimeI11al 1001 I'or lhe 
measurement or the abiotic and biological oxidation kinetics of ferrous iron. The Rcdosta1 
syst~m is mwlc up of 5 main components \\hich arc the Redo,tat controller, cell and 




Figurt' 3.t : 
The Reuoslul™ ~ell is sulxlivided into two compmtmcnls, the working and e'lUl1\er 
compat1m~ms, separated by a cationic membrane (Fig. 3.2). The working compartment is that 
pmt of the Rcdostat cell where the oxidation of fen-olL<; iroll wa, laking place 3LW the counter 
compartment only containeJ a so lution or sulphuri~ a~iJ whi~h is indispensable I'm current 
flow hel"een lhe calh,,Je and anode. The volumes orthe IWO solutions were 3.3 and 4 lin-es 
r~speClivdy. The volume or sulphuric acid solut ion in the coomer compartment was larg~r 
hecause a higher level or liquid wa, required in the counter compartment to prevent the 
migration or diffusion of ions, due to the concentration gradient. from the working 
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The solution offcl'rous iron was agi laled by a 'Xl degrees blade impeller powered by an eleculc 
molOr spinning at a maximum speed of 5~lrpm. The air inlet was alTallged at the elld of the 
impeller shaft to insure an eVell distribution oflhe comprcssed air blown illlo lhe solution. The 
air nowrates varied betwecn 300 and 450mlimin ror thc ab iotic and biological oxidation or 
felTOus irol1 
WORl(ING 




COMPARTIoEN,,'--___ , _ _ ==="'''''---' 
Figur~ 3.2; Schematic r~presellta tioll of the RedostarrM cdl 
Thc working compartment LS equipped wilh differenl lypeS "f probes I,)r eaSler nl(milming or 
the expcrimcllIs (fig. 3.2). All the experimelllal C()ndiliolls are displayed numerically or 
gr~phic~lly on the controller Screen Ihrough"ut the all experiments (Fig. 33). A wa\erbath is 
used to heal up the cell to the desired ternperatlll'e which was measlll'cd to Olle deciI!lil1 place by 
the working compartmcllt tempcrature probe. The biological oxidation or ferro us iron was 
snl<licri at 35°C whilsl the abiolic oxidati(lIl was studied at 4 t.4. 51, GO alld (igoC respectively. 
Two liquid level sensors, one for the working compartment amI the othcr for the countel' 
compartment, helped monitor the levels or the two solutions lO prevenl any unexfX'Cled 
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condenser m~intained at 2"C by a cooler was mounted at the off gas port of the working 
con1'artmcnl in onler 10 reduce to a minimum the loss of solution by evaporation. 
The pH ol·the reacling f"crnHrI ir011 wlUlion was conlinoously measured online wilh a Hal1l1a 
HI6 1014 pH electrode. 
The solution redox potential was also measl1red online hy using a Metrolun 6.0301.100 
plalil1wTI elec\mde and a Metrohm 6.0726.107 silver-silver chloride reference electrode. A 
c~librdlion of these electrodes showed that there is a linear rclatlOnship beN,'ecn the redox 
potential measured and the 10gariHun ,,[ J"crric to J"crwlIS iron ratio (Fig. 3.4) according to the 
-"ernst equati"n (Eq. 3.1). The redox potential was kepI constant within a range "j" + 2m V and 
+4mV from the selpoi11l. which is c011sidered acceptable, for all the abiotic a11d biological 
0, idation of ferroLis iron e~periments respecti vel y. 
E=E +RT In [Fe"] 
• F [Fe" ] 
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R2 = 0.9996 
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Figure 3.4: Redox probes calibration curve at 35°C and pH 1.3 
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2.5 3 3.5 
The fundamental redox potential control in the Redostat™ device is achieved through reducing 
electrolytically at the cathode the ferric ions generated by the oxidation of ferrous iron (Eq. 
3.2) and at the anode in the counter compartment water is decomposed so that the resulting 
protons can migrate as an electrolytic current to the working compartment through the cationic 
membrane to ensure electric neutrality (Eq. 3.3). 
2Fe3+ + 2e- ~ 2Fe2+ cathodic reduction (3.2) 
+ 1 
H 20 ~ 2H + -02 + 2e- anodic oxidation 2 
(3.3) 
(3.4) 
Theoretically, protons generated by the decomposition of water should replace the protons 
consumed in the working compartment by the oxidation of ferrous iron (Eq. 2.2) and thus 
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reaction (Eq. 3.4) which is the opposite of the ferrous iron oxidation reaction (Eq. 2.2). 
Therefore, the Redostat™ system reverses equation 2.2 to maintain the redox potential 
constant. 
The intensity of the electrolytic current "I" applied by the Redostat™ device is directly 
proportional to the difference betwecn thc sctpoint valuc and the actual value of the redox 
potential, the so-called redox potential error, the control gain, and inversely proportional to the 
deadband. In the present study the Redostat™ device was operated at its maximum control 
gain of 200 to get the greatest current possible for a better control of ferrous and ferric iron 
concentrations. Poor results were obtained at lower control gains, especially for the biological 
oxidation of ferrous iron experiments since this reaction is much faster. The deadband is the 
interval between the redox potential setpoint value and the actual redox potential value where 
the Redostat™ controller applies no current into the cell. A deadband of 0 to 0.2m V wide was 
used in our experiments in order to maintain better control of the redox potential. 
The Redostat™ current is applied automatically and periodically every time that the redox 
potential error measured by the Redostat™ controller is greater than the deadband. 
The Redostat™ timebase counter gives the duration of one current cycle. It varies from zero to 
100 counts and one count or base clock is equivalent to a specific length of time. The base 
clock used for the present study was 500ms. This time is limited by the communications 
between internal measurement and control components. During a cycle the current is switched 
on and off and the redox potential is measured when the current is interrupted and the solution 
homogenized. All these operations are done automatically by the Redostat™ controller. 
For the abiotic oxidation of ferrous iron, a timebase counter of 50 counts or 25s was used (Fig. 
3.5). Then, the current was on for the first 20 counts or lOs and bctwccn thc 20th count and thc 
40th count the current was off. It was switched on again at the 40th and stayed on for the rest of 
the cycle. The redox potential was measured at the 30th count or 15 th s of each cycle after the 
solution was homogenized for 10counts or 5s. Thus, for a current cycle of 25s, the current was 










Chapter 3. Experimental 45 
potential measurement. This setting is equivalent to 14.4 hours of current application and 9.6 
hours of current interruption per day. 





________ o_f_f ________ ~r__l~ _______ O_f_f ______ __ 








The Redostat™ setting was changed to 1 00 counts and the period of current interruption 
shortened to 15 counts rather than 20 counts for the biological oxidation of ferrous iron. This 
was done to allow reduction of more ferric ions per cycle than it could be done with the 
previous setting, as the biological oxidation of ferrous iron is much faster than the abiotic 
oxidation. Then, the current was on for the first 20 counts or lOs and off between the 20th and 
the 35th count. It was switched on again at the 35th count for the remainder of the cycle. The 
redox potential was still measured at the 30th count or 15th s of each cycle. For this new setting, 
the current was applied for 85 counts or 42.5s and intemlpted for 7.5s when the solution was 
homogenized and the redox potential measured. This is equivalent to 20.4 hours of current 
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The experimental conditions or data such as temperature, pH, current "1", integrated charge, 
etc., for each experiment were automatically saved in a text file which could be easily read into 
an Excel spreadsheet. The Redostat™ system was connected to an uninterruptible power 
supply to prevent any data loss due to any unexpected power failure. 
3.2. Chemicals and Microorganism 
Analytical-bTTade reagents were used for all the experiments. For the abiotic oxidation of 
ferrous iron, solutions 0.21M FeS04.7H20 adjusted at pH below 0.6 with 98% H2S04 were 
used. Different concentrations of ferrous iron were then obtained by oxidising ferrous iron with 
the Redostat™ current. Once the desired concentration of ferrous iron was achieved, the 
experiment was then carried out at constant redox potential or ferrous iron concentration. At 
pH 1.1 another approach was used to get different concentrations of ferrous iron without 
producing much ferric iron since it was difficult to control the redox potential at high pH and 
concentration of ferric iron (>2g!1) due to jarosite precipitation. Each experiment was then 
started with a lower concentration of FeS04.7H20 of about 0.11 M and this was gradually 
increased by staged addition of FeS04. 7H20 until a final concentration of ferrous iron of about 
0.21M was obtained (Tables A.2-A.5 in appendix A). After each addition of FeS04.7H20, 
which corresponded to a new ferrous iron concentration, the Redostat™ device was run at 
constant potential to generate kinetic data. Small amounts of Fe2(S04)J .xH20 were 
occasionally used for this second approach. 
A strain Leptospirillum Jerriphilum from Gamsberg (South Africa) was used for the biological 
oxidation of ferrous iron experiments. The ferrous iron growth media were inoculated with 
10% v/v inoculums obtained from a continuous culture of Leptospirillum Jerriphilum growing 
on ferrous iron. The growth media consisted of 5g!1 Fe2+ got from FeS04.7H20, 1.11g!1 K2S04, 
0.53g!1 (NH4)2HP04, 1.83g!1 (NH4)2S04 and 10mUI Vishniac trace element solution (Vishniac 
et aI., 1957) adjusted to pH 1.2 using 98% H2S04. This growth medium composition was 
determined in previous studies with Leptospirillunz species (Breed and Hansford, 1999; 
Dempers et aI., 2003). As for the abiotic oxidation, different ferric to ferrous iron ratios were 
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noting that an independent experiment was carried out for each ferric to ferrous iron ratio. No 
attempt was made to maintain sterile conditions. 
3.3. Experimental Methods 
This study was based on the comparison of the kinetic measurements of ferrous iron oxidation 
using the Redostat™ current with other recognized experimental methods such as the batch 
method and the off-gas analysis method in order to validate the Redostat system as a faster and 
more controllable experimental tool for the study of ferrous iron biological oxidation kinetics. 
3.3.1 RedostaFM Current 
Since the Redostat current ''J'' is used to reduce the ferric ions produced by the oxidation of 
ferrous iron in order to maintain the concentrations of ferrous and ferric iron constant, the 
oxidation rate of ferrous iron - r
Fe
> (Eq. 2.2) is equal to the rate of electrolytic reduction of 
ferric iron -'"ref" (Eq. 3.4) at steady state, providing that ferric iron precipitation and hydrogen 
evolution are negligible. - r
Fe
,. is given by equation 3.5 which is derived from the Faraday 
equation. 
dQ * 1 -r =-r =--





Q is the amount of charge required to reduce a certain mass of ferric iron and V is the working 
volume of the Redostat™ cell. 
The current "I" (Eq. 3.6) is a constant in the case of abiotic oxidation of ferrous iron at steady 
state since - '"ree> does not change at steady state. Thus, "[" is calculated by dividing the 
amount of charge consumed LJ.Q to keep the concentration of ferrous iron constant by the 
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For the biological oxidation of ferrous iron "I" is a variable since - r '. increases with the 
Fe' 
increasing microbial population and "I" is calculated as the first derivative of the charge 
consumed Q with respect to time "- dQ". The function Q = f(t) was obtained by 
dt 
polynomial interpolation of the Q versus time data which were automatically recorded by the 
Redostat™ controller for each run. These data were fitted with a polynomial [unction since the 
rate of ferrous iron biological oxidation is an exponential function that can be expanded as a 
polynomial function according to the Maclaurin series (Eq. 3.7). 
/(x) = f /(11)(0) x" = /(0)+ /(0) x+ /'(0) x 2 + ... 
11=0 Il! 1! 2! 
(Eq.3.7) 
where f(x) is a function ofx and rnl its nth derivative with respect to x 
3.3.2. Batch Method 
This method was used for the abiotic ferrous iron oxidation kinetics study only. It consisted of 
oxidising ferrous iron in the Redostat™ cell without any control of the redox potential of the 
solution like in an ordinary batch reactor and determining the concentration of ferrous iron 
with time. The kinetic data obtained in this way was then analysed using the integral method of 
analysis. This method consists of guessing a particular form of rate equation and, after 
appropriate integrations and mathematical manipulations, predicting that the plot of a certain 
concentration function versus time should yield a straight line (Levenspiel, 1972). For a first 
order kinetic equation, -In[Fe 2+] versus time is a straight line (Fig. 3.6) as shown by 
1 
equation 3.8 and for a second order kinetic equation, versus time is also a straight line 
[Fe 2+] 
(Fig. 3.7) as shown by equation 3.9. Equations 3.8 and 3.9 can be easily derived from the 
differential first and second-order rate equations of ferrous iron abiotic oxidation (Levenspiel, 
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k 
t 
Figure 3.6: First-order kinetic equation plot 
k 
Figure 3.7: Second-order kinetic equation plot 
(3.8) 
(3.9) 
Therefore, the rate of ferrous iron oxidation was calculated by using the kinetic constant k in 
the correct kinetic equation of ferrous iron oxidation which were both obtained from the 
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3.3.3. Off-gas Analysis Method 
The concentrations of oxygen and carbon dioxide in the feed and the off-gas of the Redostat™ 
device were measured with a Hartmann & Braun Advance Optima Magnos 6 paramagnetic 
oxygen analyzer and a Hartmann & Braun Advance Optima Uras 4 nondispersive infrared 
carbon dioxide analyzer respectively. The oxygen analyzer uses the paramagnetic behaviour of 
oxygen, i.e. the characteristic of oxygen molecules to be drawn into areas of higher field 
strength in a nonhomogeneous magnetic field, for the measurement of oxygen concentration 
whilst the carbon dioxide analyzer uses the infrared radiation absorption of CO2 (Lamber-Beer 
law) for the measurement of CO2 concentration. These concentrations were measured offline 
using samples collected in an inflatable bag for the abiotic oxidation of ferrous iron and online 
for the biological oxidation of ferrous iron. 
C02 and 02 concentrations are used for the determination of the rates of oxygen and carbon 
dioxide consumptions (Eq. 3.11-3.12). These rates are necessary for the determination of 
ferrous iron oxidation rate (Eq. 2.14), biomass growth rate, and biomass specific growth rate. 
Based on the stoichiometry of the oxidation of ferrous iron (Eq. 2.2) the rate of ferrous iron 
abiotic oxidation can be determined in term of oxygen consumption rate as follow: 
- r 1. = -4rO 
Fe 2 
(3.10) 
The rate of oxygen consumption is given by: 
(3.11 ) 
<Din and <Dout are the flow rates [mol/unit time] of the feed air and the off gas respectively. 
[02h, and [02]out are the concentrations (molar fractions) of oxygen in the feed and off gases 
respectively and V is the Redostat™ cell volume. 
For the biological oxidation of ferrous iron, equation 3.9 becomes equation 2.14 as this 
reaction is accompanied with carbon dioxide consumption. Omitting the rate of carbon dioxide 
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fen-ous iron biological oxidation (Boon, 1996, Boon et al., 1998). The rate of carbon dioxide 
consumption is given by: 
(3.12) 
[C02]in and [C02]out are the concentrations (molar fractions) of carbon dioxide in the feed and 
off gases respectively. The flow rate of the reference gas was determined by using a bubble 
flow meter and that of the off gas was obtained by using either the nitrogen balance (Eq. 3.13) 
(Boon, 1996) or a bubble flow meter. 
(3.13) 
The biomass specific growth rate Jl was determined using equation (3.17) which can be derived 
from equations 2.36 as shown below. 
The derivative of both sides of equation (2.36) with respect to time gives: 
dr dC 




__ x = r = -r (Boon, 1996, Boon et al., 1997) dt x co, (3.15) 
Then 
d(-rco, ) 
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r = _rO eJit - co, co, (3.17) 
According to equation 3.17 the biomass specific growth rate 11 is the power coefficient of the 
exponential function of biomass growth rate versus time. 
3.4. Experimental Procedures And Analytical Method 
3.4.1. Abiotic Oxidation Of Ferrous Iron Experiments At Very Low pH 
Solutions of 12 giL of ferrous iron were prepared by dissolving 209.11 g of FeS04.7H20 in 
3.5L of distilled water and the pH was adjusted below 0.6 using 98% H2S04. Solutions of 
sulphuric acid were also prepared at a pH of 1.2 by diluting a 98% H2S04 solution with 
distilled water and they were meant to be used in the counter compartment of the Redostat™ 
cell. Once the solutions were prepared the next steps were carried out as follow: 
1. 3.3L of ferrous iron solution and 4L of sulfuric acid solution, prepared as mentioned 
above and measured with a 2 liters measuring cylinder, were used in the working 
compartment and counter compartment respectively. A larger volume of solution was 
used in the counter compartment because a higher level of liquid is required in that 
compartment to prevent diffusion of ions from the working compartment to the 
counter compartment due the concentration gradient 
2. The Temperature of the Redostat™ cell was set at 60°C by using a waterbath in 
which the Redostat™ cell sits 
3. Compressed air was blown into the working compartment at a f10w rate of 300 to 
320ml/min which was measured with a bubble flowmeter 
4. The solution of ferrous iron in the working compartment was agitated at a speed of 
500rpm by a vertical blade impeller powered by an electric motor to facilitate, 
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5. Once the solution reached the working temperature of 60°C, the Redostat™ device 
was set to run at constant potential under automatic redox control mode. Each run 
was characterized by a given concentration of ferrous iron, and different 
concentrations of ferrous iron needed for the Redostat™ current and off-gas analysis 
methods were obtained by oxidizing ferrous iron with the Redostat™ current. It can 
be seen from figure 3.4 that different ferric to ferrous iron ratios can be achieved by 
simply changing the Redostat™ redox potential setpoint value and thus forcing the 
Redostat™ device to oxidize or reduce ferrous or ferric iron until the desired Redox 
potential is achieved 
6. The concentration of ferrous iron was measured by titration with a K2Cr207 solution 
at steady state for each run 
7. Experimental measurements were done at steady state when the temperature, pH, and 
redox potential were constant. For the Redostat™ current method the necessary data, 
integrated charge Q versus time, were automatically recorded every 63s by the 
Redostat™ controller throughout each run. For the off-gas analysis method, a sample 
of the Redostat™ off-gas was collected with an inflatable bag and analyzed with the 
gas analyzer to determine the concentration of CO2 and O2 for each run. The feed air 
was analyzed online. For the batch method, the Redostat™ device was run under 
uncontrolled mode like an ordinary batch reactor with the same solution of ferrous 
iron used for the two other methods, and the concentration of ferrous iron was titrated 
at different times as it was decreasing. It is worth noting here that the batch method 
was carried out last and the concentration of ferrous iron was brought back to its 
initial value of 12 giL by using the Redostat™ current before the start of the batch 
method. The kinetic data obtained were then processed as described in section 3.3. 
This approach used here to get different concentrations of ferrous iron by oxidizing ferrous 
iron is not an easy one, since it produces ferric iron which starts to precipitate as jarosite (Eq. 
3.18 (Daoud et aI., 2006)) once its concentration exceeds a certain value (>2g1L). When this 
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potential starts dropping instead of increasing and thus ruining the experiment. Reliable results 
were only obtained at very low pH «0.6) where ferric iron precipitation is minimized. For 
higher pH values a second approach was used where ferric iron precipitation was kept to a 
minimum by minimizing the concentration of ferric iron in solution. 
(3.18) 
3.4.2. Abiotic Oxidation Of Ferrous Iron Experiments At pH 1.1 
Another approach was used for the abiotic oxidation of ferrous iron experiments, since the first 
one was significantly affected by jarosite precipitation if the pH is not set to the right value. 
This new approach consisted of keeping the concentration of ferric iron to a minimum to 
minimize ferric iron precipitation. A solution of lower concentration of ferrous iron of about 
6g/L (0.11 M) was firstly prepared for each experiment by dissolving FeS04.7H20 in distilled 
water and the pH was adjusted at 1.1 using 98% H2S04 and the solution of sulfuric acid at pH 
1.2 to be used in the counter compartment was also prepared as indicated previously. Once the 
two solutions were prepared the next steps were carried out as follow: 
1. 3.3L of the ferrous iron solution and 4L of the sulfuric acid solution, measured with a 
2 liters measuring cylinder, were used in the working compartment and counter 
compartment respectively. Each run was characterised by a given ferrous iron 
concentration which was kept constant by setting the Redostat™ device under 
automatic redox potential control mode once the working temperature was reached. 
The first run at a particular temperature was carried out with the solution of lower 
concentration of ferrous iron mentioned above. Different concentrations of ferrous 
iron for the following runs were then obtained by adding more and more 
FeS04.7H20 into the initial solution. At each temperature 4 to 5 runs were carried out 
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2. The Temperature of the Redostat™ cell was set at 41.4,51,60, and 68DC respectively 
by using a waterbath in which the Redostat™ cell sits 
3. Compressed air was blown into the working compartment at a flow rate of 300 to 
320ml/min which was measured with a bubble flowmeter 
4. The solution of ferrous iron in the working compartment was agitated at a speed of 
500rpm by a right blade impeller powered by an electric motor to facilitate dissolved 
components diffusion and ensure solution homogeneity 
5. The concentration of ferrous iron was measured by titration with a K2Cr207 solution 
at steady state for each run 
6. Experimental measurements were done at steady state when the temperature, pH, and 
redox potential were constant. For the Redostat™ current method the necessary data, 
integrated charge Q versus time, were automatically recorded by the Redostat™ 
controller throughout each run. For the off-gas analysis method, a sample of the off-
gas was collected with a balloon and analyzed with the gas analyzer to determine the 
concentration of CO2 and O2 for each run. The feed air was analyzed online. For the 
batch method the Redostat™ device was run under uncontrolled mode like an 
ordinary batch reactor with the same solution of ferrous iron used for the two other 
methods and the concentration of ferrous iron was titrated at different times as it was 
decreasing with time. The kinetic data obtained were then processed as described in 
section 3.3. 
5g of Fe2(S04h .xH20 (::::::1 gil Fe
3+) were added to 3.3L of the initial solution of lower 
concentration of ferrous iron for the experiments carried out at 51, 60, and 68DC, as it was 
unsure if the Redostat™ device can perform well without a considerable concentration of ferric 
iron. It was later found that the performance of the Redostat is not affected by the amount of 
ferric iron present in solution, since the experiment carried out at 41.4 DC without any ferric 
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also produced by the oxidation of ferrous iron and some of it was accumulated during the first 
phase of each experiment where the Redostat™ device was operated without any redox 
potential control because the working temperature was not achieved yet. Ferric iron might have 
also come from impurities of the chemicals used since no chemical is 1 00% pure. Although 
ferric iron was present in the solutions used, its concentration was kept to a minimum by only 
using FeS04.7H20 to change the concentration of ferrous iron required for different runs. 
3.4.3. Biological Oxidation of Ferrous Iron Experiment 
For the biological oxidation of ferrous iron experiment growth media of the following 
composition were prepared: 5g/L Fe2+ from FeS04.7H20, 1.11g/L K2S04, 0.53g1L 
(NH-l)2HP04, 1.83g1L (NH4)2S04 and lOmllL Vishniac trace element solution (Vishniac et al., 
1957) adjusted to pH 1.2 using 98% H2S04. This growth medium composition as mentioned 
earlier was established in previous studies with Leptospirillum species (Breed and Hansford, 
1999; Dempers et al., 2003). Once the growth medium was prepared the next steps were 
carried out as follows: 
1. 4L of sulphuric acid solution at pH 1.2 prepared as in the two previous cases and 3.3L 
of the growth medium, measured with a 2 liters measuring cylinder, were used in the 
counter and working compartments respectively 
2. The Redostat™ cell was set at 35°C by using a waterbath in which it sits 
3. Compressed alr was blown into the working compartment at a flow rate of 
446.4mllmin which was measured with a bubble flowmeter 
4. The solution of ferrous iron in the working compartment was agitated at speed of 
500rpm by a right blade impeller powered by an electric motor to facilitate dissolved 
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5. Once the solution reached the working temperature of 35°C the Redostat™ was set to 
run at a constant potential under automatic redox control mode. The growth medium 
was then inoculated with 330 ml of a Leptospirillu11l ferriphilum inoculum obtained 
from an exponentially growing continuous culture of Leptospirillll1ll ferriphilum. An 
equivalent volume of 330ml of the growing medium was removed from the working 
compm1ment before inoculation in order to keep a working volume of 3.3liters in the 
working compartment. Each run was characterized by a given ferric to ferrous iron 
ratio, and different ferric to ferrous iron ratios were obtained by oxidizing ferrous 
iron with the Redostat™ current prior to inoculation. It can be seen from figure 3.4 
that different ferric to ferrous iron ratios can be achieved by simply changing the 
Redostat™ redox potential setpoint value and thus forcing the Redostat™ device to 
oxidize or reduce ferrous or ferric iron until the desired Redox potential is reached 
6. The concentrations of ferrous and total iron were measured by titration with a 
K2Cr207 solution at steady state for each run 
7. Experimental measurements were done at steady state when the temperature, pH, and 
redox potential were constant. For the Redostat™ current method the necessary data, 
integrated charge Q versus time, were automatically recorded every 63s by the 
Redostat™ controller throughout each run. For the off-gas analysis method, the 
concentrations of oxygen and carbon dioxide were measured online logged on a 
computer every half an hour throughout each run. The kinetic data were then 
processed as indicated in section 3.3. 
3.4.4. Analytical Method 
The ferrous iron concentration was determined by titration with potassium dichromate 0.025 or 
0.05N. The concentration of Ferric iron was calculated as the difference between the total iron 
concentration and the ferrous iron concentration (Eq. B.3 in appendix B). To get the total iron 
concentration, all the ferric ions were reduced to ferrous iron with stannous chloride prior to 
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distilled water and dry mass of potassium dichromate which was kept in the oven. Barium 












Chapter 4. Results and Discussion 
Two series of experiments were carried out with the Redostat™ system in order to assess its 
performance as a more controllable and faster experimental tool for the study of ferrous iron 
biological oxidation kinetics comparatively to ordinary batch and continuous cultures. These 
experiments consisted of oxidizing ferrous iron in the presence and absence of Leptospirillum 
Jerriphilum. Kinetic data were generated with the Redostat™ current and two other recognized 
experimental methods viz., the batch method (abiotic oxidation only) and the off-gas analysis 
method. These kinetic data were compared and interpreted in the light of the relevant literature 
review compiled for this work. 
4. 1. Abiotic Ferrous Iron Oxidation 
All the abiotic ferrous iron oxidation experiments were carried out at pH below 2, where it has 
been shown that the pH has a negligible effect on the kinetics (Tamura et al., 1976; 
Chmielewski and Charewicz, 1984). The concentration of dissolved oxygen was assumed to be 
constant and equal to its saturation value for each experiment since the rate of the abiotic 
oxidation of ferrous iron is very small at the pH and temperatures used in this present study. 
This assumption can be scientifically supported by considering equation 4.1 which is the 
oxygen mass balance equation at steady state. When the rate of ferrous iron oxidation - rFe2 + is 
small the right hand side of equation 4.1 becomes small as well and this situation can suggest 
that the concentration of dissolved oxygen is almost equal to its saturation value C· since the 
other terms of the equation are constant for a given temperature and oxygen partial pressure 
(see Appendix C for C* and CO2 calculation). 
* 1 k a (C - C ) =--
L 0, 4 (4.1) 
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where kLa is the oxygen mass transfer coefficient, C* the concentration of dissolved oxygen at 
saturation, and Co, the actual concentration of dissolved oxygen. 
Therefore, under these conditions the rate equation of the abiotic oxidation can be written as a 
function of ferrous iron concentration only (Eq. 4.3). 
(4.3) 
where k is a constant, and a the kinetic order with respect to ferrous iron. 
4.1.1. Oxidation at very low pH 
The pH was primarily kept below 0.6 to minimize jarosite precipitation (Eq. 3.18) which is 
strongly dependent on the pH, ferric iron concentration, temperature and some other ions 
concentrations such as K+, NH;, and Na+ concentrations (Daoud et al., 2006). 
The rates of ferrous iron oxidation measured as indicated in section 3.3 were analyzed to see if 
they are consistent with equation 4.3, which suggests that In(-I~e") versus In[Fe2+] should 




A linear interpolation of the of the Redostat™ current and off-gas data shows that they are in 
good agreement with equation 4.4, which was derived from the ferrous iron oxidation rate 
equation (Eq. 4.3), since the corresponding R2 are close to 1 (Fig. 4.1). The consistency of the 
batch data reported in figure 4.1 can not be examined with equation 4.4 since they have been 
calculated by using equation 4.3 where k and "a" had been determined a priori with the integral 
method as indicated in section 3.3.2. 
The consistency of the batch data was examined by using the integral method of analysis 
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A first-order kinetic equation with respect to ferrous iron was found with all the three methods 
(Table 4.1). This first order kinetics with respect to ferrous iron was obtained because of 
chloride ions contamination caused by leakage from the reference electrode, which was filled 
with 3M lithium chloride electrolyte. A number of researchers have shown that in the presence 
of complexing anions such as cr the rate of ferrous iron oxidation by oxygen in aqueous 
sulphuric acid solution is described by a first order kinetic equation (Chmielewski and 
Charewicz, 1984). After fixing the leakage problem (which resulted from the height of the 
electrolyte in the electrode) the order of the reaction was no longer unity as it will be shown in 
the following section. 
Table 4.1 
Ferrous iron oxidation kinetic data at 60°C, pH<O.6, and [Fe]total=O.21M 








The kinetic constant calculated with the Redostat current is in excellent agreement with the one 
calculated by using the batch method (Table. 4.1). The off-gas analysis method generated a 
kinetic constant which is greater than the other two. The small variation between the feed air 
and the off-gas oxygen concentrations caused by the slow rate of the abiotic oxidation of 
ferrous iron can be the reason why the off-gas analysis kinetic data are not similar to the ones 
obtained with the Redostat™ current and batch methods. The kinetic constants were 
determined by plotting equation 4.4 (Fig. 4.1) for the Redostat™ current and Off-gas analysis 
methods. For the batch method equation 4.5 was plotted (Fig. 4.2) for the determination of k 
according to the integral method of analysis of batch kinetic data. 
The batch method was used as a reference for the calculation of the Redostat™ current 
efficiency 11, which is the fraction of the Redostat current that actually reduces ferric ions, since 
it is an accurate and more direct method comparatively to the off-gas analysis method. 11 was 
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- 'i"" by the rate of ferrous iron oxidation calculated with the Redostat™ current - rf 
( - rf = - '~e" ). It can be seen from figure 4.1 that - rf is greater than - 'i"" and this suggests 
that more current was used than what was required to reduce ferric iron in order to keep the 
redox potential constant. Therefore, a current efficiency of about 80% was calculated (Table 
A.l in appendix A). This situation can be the result of hydrogen evolution at the cathode (Eq. 
4.6) which thus consumes a fraction of the Redostat™ current "I". 
(4.6) 
4.1.2. Oxidation in presence of low concentration of ferric iron 
and at pH 1.1 
The Redostat™ system did not perform well for concentration of ferric iron of about 2g1L or 
~Tfeater due to ferric iron precipitation (Eq. 3.18). Reliable results were only obtained at very 
low pH, which requires a considerable amount of sulfuric acid, otherwise the redox potential 
would drop instead of increase, as one would expect in case of ferrous iron oxidation. The 
decrease of the redox potential can be attributed to the fact that the rate of ferric iron 
precipitation was greater than the rate of ferrous iron oxidation and thus ferric ions were 
removed from solution faster than they were produced (Eq. 4.10). Hence, in order to keep the 
redox potential constant, the Redostat™ device was oxidizing ferrous iron automatically. Of 
course this was detrimental to the experiments because ferrous iron concentration was 
decreasing instead of remaining constant as desired. 
Therefore, to minimize jarosite precipitation at higher pH, another experimental approach was 
sought. Minimizing the concentration of ferric ions present in solution was found to be the best 
workable. 
The rate of ferrous iron oxidation calculated with the off-gas analysis method - rO-R<I' ' and - r l 
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The activation energies measured by plotting equation 4.9 (Fig. 4.8) are in excellent agreement 
between the Redostat™ current and batch methods (Table 4.6). The off-gas analysis method 
also generated an activation energy that is of similar order, but slightly higher. 
The values of the activation energy calculated in this study are in good agreement with the 
range of activation energies reported in the literature (Table 4.6). 
Table 4.6 
Ferrous iron oxidation activation energy 
Off-gas Redostat Batch 
Analysis Current Method 
Method Method 









It was noticed that at pH 1.1 - 1'1 is no longer greater than - 'iI/II (Fig. 4.3-4.6) as observed at 
very low pH. - 1'1 is in fact smaller than - 'i, /JI and the current efficiency measured for these 
experiments is greater than 1 (Tables A.2-A.5 in appendix A). This suggests that the amount of 
ferric iron reduced by the Redostat current "I" is less than what was produced by the oxidation 
of ferrous iron for the same length of time. Jarosite formation can be a plausible explanation to 
this situation. Equation 4.10 is the ferric iron mass balance equation at steady state where the 
left hand side term accounts for - 1'1' the first right hand side term is the actual rate of ferrous 
iron oxidation and the last right hand side term is the rate of ferric iron precipitation. 
dQ 1 d[Fe 2+] d[Fe 3+t 
- dt * 96500 * V = - dt - (- dt ) (4.10) 
It can be seen from equation (4.10) that when ferric iron precipitation is appreciable what 
usually occurs at higher pH and temperatures, the rate of ferric iron reduction at the cathode 
decreases since the rate of ferrous iron oxidation is a constant at steady state. It can also be 
understood from equation (4.10) that when the rate of ferric ions precipitation is greater than 
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was encountered at higher pH and ferric iron concentrations where the Redostat™ current 
changed the direction and started oxidizing ferrous ions to keep the Redox potential constant. 
4.2. The Bacterial Oxidation of Ferrous Iron 
The bacterial oxidation of ferrous iron was studied at 5g/L of total iron, pH 1.2 and low ferric 
to ferrous iron ratios of 0.17, 0.51, and 1.65 (Corresponding to redox potentials of 419, 452 and 
482 mY against Ag/AgCI reference electrode) respectively. At these low ratios it is difficult to 
obtain any reliable data in batch cultures because of the dynamic behaviour (Boon et aI., 
1999a) and in continuous cultures because of bacteria wash out as discussed in sections 2.2.4.2 
and 2.2.4.3. 
The kinetic data were measured by using the Redostat current "1" and off-gas analysis methods 
only, since the batch method is not applicable to this kind of experiments. It was assumed that 
there is no gas-liquid mass transfer limitation since the rates of ferrous iron oxidation and 
oxygen consumption were increasing without flattening out (Fig. 4.13-4.15) (see Appendix C). 
The rates of carbon dioxide and oxygen consumptions against time, measured as indicated in 
section 3.3.3, are given in figures 4.9 to 4.11. It can be seen from these figures that - reo, and 
- iC), are increasing exponentially with time as it could have been predicted from equation 
(3.17). The abnormally low and high values of - ro, measured at the sixteenth hour (Fig. 4.9) 
can probably be due to a wrong measurement of oxygen concentrations which could be caused 
by the oxygen analyzer. The trend of - rco, , which is equivalent to the biomass growth rate 
- rr (Boon et aI., 1998), against time is consistent with the theory of exponential growth of 
bacteria. Exponential growth was noticed after different lengths of time from the inoculation 
for the three different ferric to ferrous iron ratios since the duration of the lag phase that 
follows inoculation depends on many factors such as the growth conditions and the state of the 
inoculum (Rossi, 1990). The pH variation of the inoculum can be the reason why exponential 
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The different valuc3 of the sp.;:dftc gllm th rate," Cfable A6 in app.;:lldix A) w~re ckt ~l'milled 
by fi tting the data of 'CII, against time wllh all exponml tial iimction as sl1ggesled by ~ql1ation 
3.17 ~nd equating tile codficicnt of tile powcr of ul is fimc lioll to the spc:ci li c :"'Tov,th rale. The 
specific gn:m'lh r~le thus mea3ured was found to dccrc~,e wilh incr~asing ferric 10 ferrous iron 
Mio a, .<uggc,ted hy man} b'TOWlh kindic modds (Fq. 2.29 and 2.3.,) prohahly dlle 10 
substrale (f~rrous iron) dep letion and ferric iron inhibition. The modified Monad equation for 
product inhihition hy fen'ic iron, where Ule saluration tem1 ~ h~s been negl« led (Eq. 
[Fe" J 
-1.11). was used to describ~ th~ gl'OWUl kindics m uli, present stl1dy. The vailies of thc 
K 
l1la~ LmUm ""-o,,th rate )1n~., and the con.<lant K I=t) ( rable 4.7) were measured by p lolling 
equation 4 .12, "hich is th~ recipTOc al oi' ~quation 4 .11, wi lh the val l1~.< of (he sp"cific growlh 
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Table 4.7 








-rO - gils (Eq. 2.14) increased exponentially with time (Fig. 4.13-4.15) since -reo, and -ro, are 
exponential functions of time (Fig. 4.9-4.11). - r l also followed closely the same trend since 
the two rates are supposed to be equal at contant redox potential. The kinetic data of the rate of 
ferrous iron bacterial oxidation were fitted with polynomial functions because an exponential 
function can be expanded as a polynomial function of a certain power (Eq. 3.7). 
It was noticed that the redox potential error ~E was continuously increasing with time for each 
run probably because of the low Redostat™ control gain which was at its maximum value 
(200) for this study. The Redostat™ control gain dictates the intensity of current that should be 
applied for a given ~E measured by the Redostat™ controller and when the current applied is 
not enough, ~E becomes larger and larger with time because more ferric ions are produced 
than what are reduced by the current. This situation can be clearly seen from figures 4.14 and 
4.15 where the rate of ferric iron reduction at the Redostat™ cathode - r l is slightly lower than 
the rate of ferrous iron oxidation - rO- gils ' In this case, the concentration of ferrous iron 
decreases with time. 
A redox potential error of 4mV maximum was tolerated in this study and it resulted in a 
decrease of ferrous iron concentration of 0.3 gil (calculated by titration) over a period of 20 to 
24 hours for each run. An integral calculation of the areas below the two curves (Fig. 4.13-
4.15). which are the numbers of moles of ferric iron either reduced by the Redostat™ current 
( f -r, dt ) or produced by the biological oxidation of ferrous iron ( f - r o_gasdt), also showed a 
decrease of ferrous iron concentration for each run (Eq. 4.13-4.15). The decrease of ferrous 
iron concentration calculated by integration (Eq. 4.13-4.15) is almost equal to what was 
calculated with titration except in the first case (Eq. 4.13) probably due to the limited accuracy 
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It was found that the biomass specific ferrous iron and oxygen consumption rates qFe" and 
qo, and the biomass yields on ferrous iron and oxygen YFe'+x and Yo,x were changing with the 
biomass concentration, although ~ remained a constant for a particular ferric to ferrous iron 
ratio. This shows that, if equations 2.18-2.19 and 2.21-2.22 still apply the maintenance 
coefficient or the maximum yield or both are not constant with changing biomass 
concentration. q Fe'~ and q 0, were decreasing with increasing biomass concentration (Fig. 
4.16-4.18) and a similar situation was noticed in continuous culture where a high value of 
q F,'- was measured at low biomass concentration and low value of q Fe" at high biomass 
concentration (T.V. Ojumu, personal communication). ex in continuous culture can be set by 
the concentration of ferrous iron in the feed (Eq. 2.43). YFe'+x and Yo,x were increasing with 
increasing biomass concentration (Fig. 4.19-4.21). 
The decrease of the specific rates q Fe'~ and q 0, with increasing biomass concentration can be 
attributed to the fact that more and more bacteria are competing for the same amount of 
substrate (ferrous iron) and oxygen. This situation may result in an equilibrium state where 
there is not enough substrate or oxygen and thus stopping the bacterial growth. The fact that 
microorganisms grow much faster at higher biomass concentrations (Eq. 2.35-2.36) could be 
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4.3. Evaluation of the Redostat™ Device 
The measurement of ferrous iron oxidation rate with the Redostat™ current is based on the fact 
that at steady state (constant redox potential) the rate of ferrous iron oxidation - '>e" is equal 
to the rate of ferric iron reduction at the cathode if there is no ferric iron precipitation (Eq. 
4.10). This implies that all the ferric iron produced by the oxidation reaction is electrolytically 
reduced back to ferrous iron thus keeping the concentrations of ferrous and ferric iron constant. 
Since reliable ferrous iron oxidation rates were generated with the Redostat™ current it can be 
confidently stated that the Redostat™ system keeps the concentrations of ferrous and ferric 
iron constant within an acceptable range. 
Jarosite precipitation has to be reduced to a minimum in order to obtain good results with the 
Redostat™ device since the precipitation of ferric iron reduces the rate of ferric iron reduction 
at the Redostat™ cathode - r[ (4.10). A lower - r[ causes a decrease of ferrous iron 
concentration since more ferric iron is produced than what is reduced by the Redostat™ 
current. And when ferric iron precipitation is faster than ferrous iron oxidation, the sign of - r[ 
changes (Eq. 4.10) and the Redostat™ device starts oxidizing ferrous iron in order to keep the 
potential constant. Jarosite precipitation can be limited by carefully choosing the right 
experimental conditions (T, pH, [Fe3+], etc.). A very low pH can promote hydrogen evolution 
at the Redostat™ cathode. 
The quality of the results generated with the Redostat™ system also depends on the 
Redostat™ settings. A slow rate of oxidation requires a small current but fast reactions require 
larger currents to keep the redox potential constant. The Redostat™ current is determined by 
the control gain. 
The Redostat™ system helps save time especially for the biological oxidation of ferrous iron 
experiments. To complete one run which is characterized by a particular redox potential or 
ferric to ferrous iron ratio it only takes 20 to 24 hours maximum whilst with continuous culture 
reactors a minimum of three times the residence time is indispensable to achieve steady state. 
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achievable in continuous cultures. Minima of 19 days and 2months were estimated for the 
generation of 5 and 10 datapoints respectively in continuous culture (see section 2.2.4.3). Each 











Chapter 5. Conclusion and Recommendations 
For the abiotic oxidation of ferrous iron, it was found that the kinetic data generated with the 
Redostat™ current is in good agreement with that generated with the batch method. Activation 
energies of 61.32 and 63.61kj.mol- 1 were calculated in the temperature range of 41.4 to 68°C 
and pH 1.1. These values are consistent with the activation energy values reported in the 
literature. A value of 69.74kj.mor l was calculated by using the off-gas analysis method. This 
slightly higher value was probably due to the low measurement accuracy of this method for 
low variations of oxygen concentration in the gas stream. 
For the biological oxidation of ferrous iron experiments, the Redostat™ current method also 
yielded excellent results. The rate of ferrous iron oxidation measured with the Redostat™ 
current was found to be in good agreement with that measured using the off-gas analysis 
method. The value of 11 measured was decreasing with increasing ferric to ferrous iron ratios as 
suggested by many ferrous iron biological oxidation kinetic models. A maximum specific 
growth rate of 0.12h- 1 and a ratio K, of 0.28 were calculated. The literature values of Ilmax are 
K, 
close enough to the one calculated in this study under similar conditions, but the reported 
values of Ks are much lower than the value that was calculated in this present study. 
K j 
It was also found in this study that the biomass concentration has an effect on the biomass 
specific ferrous iron and oxygen consumption rates and the biomass yields on ferrous iron and 
oxygen. This phenomenon has not been previously described and could have significant 
implications for start-up of heaps. 
This study has revealed that the Redostat™ device can be successfully used as an experimental 
tool for the study of ferrous iron oxidation at constant potential or ferric to ferrous iron ratio 
provided that ferric ions precipitation is kept to a minimum. However, a higher Redostat™ 
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concentrations of ferrous and ferric iron constant within an acceptable range for a longer period 
of time than a day, as it was the case in this present study. 
The Redostat™ device offers a quicker and more direct way of detennining the rate of ferrous 
iron oxidation and allows to investigate the oxidation of ferrous iron at very low ferric to 
ferrous iron, where it is difficult to obtain kinetic data in batch and continuous cultures because 
of the dynamic behaviour in batch cultures and bacteria wash out in continuous cultures. 
A lot of time is saved when the kinetics of ferrous iron bio-oxidation is studied in the 
Redostat™ device since it only takes one day (Fig. 4.9-4.11 and 4.13-4.15) to measure all the 
kinetic variables (qFe 2q Q02' ji, YFe"x' Y02X ' and C,) at a particular ferric to ferrous iron ratio 
whilst continuous cultures can run for days or even weeks to obtain the same kinetic data. It is 
worth noting here that for the detemlination of Cx there is no need to know the initial biomass 
concentration like in ordinary batch cultures (Boon, 1996) since Cx can be easily calculated 
from equation 2.36 where rx and ~ are known from equations 3.12 and 3.17 respectively. 
Further research is needed about the effect of biomass concentration on the kinetics of ferrous 
iron bio-oxidation as this can shed more light on the oxidation of ferrous iron in heap where 
some zones behave like batch cultures operating at constant potential. And the Redostat™ unit 
is the experimental tool of choice for this kind of research since it can easily and successfully 
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Ferrous iron oxidation rate at 60°C, pH<O.6, and [Fe]total=O.21M 
[Fe2+] M -r 
a-gas - r[ 
-r 
bill 11 
0.18 4.31x10-o7 2.93x10-o7 2.42x10-o7 0.83 
0.17 3.67x10-07 2.84x 10-07 2.25x 10-07 0.79 
0.12 2.33x10-07 2.07x10-07 1.62 x10-07 0.78 
0.11 2.06x10-07 1.89x 10-07 1.51xlO-07 0.80 
0.04 7.16x10-08 7.38x10-08 5.87x 1 0-08 0.80 
0.03 5.96x10-08 5.96x10-08 3.60x 10-08 0.60 
- rO-gas : Ferrous iron oxidation rate calculated with the off-gas analysis method 
- r[ : Ferrous iron oxidation rate calculated with the Redostat current "I" 
- rhm : Ferrous iron oxidation rate calculated with the batch method 
11 is the Redostat current efficiency which is the fraction of the Redostat current that 
actually reduces ferric ions. 
Table A.2 
Ferrous iron oxidation rate at 41.4°C and pH=1.1 
[Fe2+] M - r[ 
0.15 4.27x 1 O-os 
0.18 6.94x 1 0-08 
0.20 8.15x10-08 
0.21 9.99x 1 0-08 
Table A.3 
Ferrous iron oxidation rate at 51°C, pH=1.1 
[Fe2+] M - rO-gas - r[ 
0.11 9.88xl0-0S 5.81x10-oS 
0.14 1.46xl0-07 9.05x 1 0-08 
0.18 1.98xlO-07 1.52xlO-07 
0.19 2.44x10-07 1.83x10-07 
































Ferrous iron oxidation rate at 60°C and pH=1.1 
[Fe2+] M -r O-gas - rl 
0.11 1.30xl0-07 9.09xl0-08 
0.14 1.99x 1 0-07 1.82x 1 0-07 
0.18 3.11x 1 0-07 2.72xl0-07 
0.20 3.76xl0-07 3.19xl0-o7 
0.21 4.1 Ox1 0-07 4.18x 1 0-07 
Table A.S 
Ferrous iron oxidation rate at 68°C and pH=1.1 
[Fe2+] M - rO- gas - rl 
0.12 2.83x10-07 2.27xlO-o7 
0.15 4.23x10-07 3.65x10-07 
0.17 5.24xl0-07 4.69xl0-07 
0.19 5.92x10-o7 5.60x10-07 
0.22 7.63xl0-o7 7.54xl0-07 
Table A.6 
















































The analytical procedure was as follows (Jeffrery et al., 1989): 
1. For ferrous iron titrations 
• 5 ml of solution sample were collected in a 250ml conical flask using a pipette 
• lOml of spekker acid solution were added to this sample 
• 3 to 4 drops of the indicator were also added to the sample solution and ferrous 
iron was titrated until the first permanent colour change from yellow/orange to 
intense purple was obtained. The volume V T of K2Cr207 solution used was then 
recorded and used in equation (B.l) for the calculation of ferrous iron 
concentration 
2 N K C 0 * VT * 55.84 [Fe +] = ----','------"-',---',-----
~~ 
[g / /] (B.l) 
where N K 'C"O, and V T are the normality and the titration volume of K2Cr207 solution, and V s 
is the volume of the solution sample. 
2. For total iron titrations 
• 5 ml of sample solution were collected in a 250ml conical flask using a pipette 
• 30ml of ferric acid solution were added to the sample solution and it was heated 
to the boiling point 
• Stannous chloride solution was added drop wise to the boiling sample solution 
until the yellow color completely disappeared. One extra drop of stannous 
chloride solution was added before the sample solution was left to cool at room 
temperature 
• lOml of mercuric chloride were added to the cooled sample solution. A silky-
white precipitate was expected to appear before proceeding to the next step 










Appendix B 93 
• 4 to 8 drops of the indicator were added to the sample solution and the total iron 
was titrated until the first permanent colour change from yellow to intense 
purple was obtained. The volume V T of K2Cr207 solution used was then 
recorded and used in equation (B.2) for the calculation of total Iron 
concentration. 
N K C 0 * VT * 55.84 [ Fe]1' = _---',_r-'-., -,-7 ____ _ 
~~ 













Concentration of Dissolved Oxygen 
For the abiotic oxidation of ferrous iron the concentration of dissolved Co, can be assumed 
equal to the saturation concentration C* since the rate of the abiotic oxidation of ferrous iron is 
too small (Eq. 4.1). The following calculations were done to confilm this assumption. 
van't Riet (1979) suggests that for salt solutions the coefficient of oxygen mass transfer kLa is 
given by: 
where 
k a = 2.0 x 10-3 (P /V )07U0 2 
L g L (Cl) 
• Pg/VL is the gassed power per unit volume of liquid (in W/m
3
) 
• U is the superficial gas velocity (gas t10wrate divided by nominal cross-
sectional area of the fermenter, in rn/s) 
• kLa is in units of lis. 
The estimated value of kLa calculated using equation Cl for this present study is 0.0585/s. The 
solubility of oxygen at different temperatures used for the abiotic oxidation of ferrous iron was 
calculated using equation C2 (Tromans, 2000). 
where 
C* = Po,. k. ~ (C2) 
• P02 is the oxygen partial pressure 
0.046T 2 + 203.35T.ln(-]-) - (299.378 + 0.092T)(T - 298) - 2.0591.104 
• k = exp( 298 ) 
8.3144T 
• 0<<1>< 1, an estimated value of 0.9 was taken in this present study since the 
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The values of C* and CO2 calculated at the temperatures of the abiotic experiments are reported 
in table C.1. CO2 was calculated by using equation 4.1 where the largest value of -rFe2+ was 
taken at each temperature. 
Table C.l: Oxygen Solubility 
Temperature (K) 314.4 324 333 341 
C* (mol/I) 19.30xl0-5 17.54x10-5 16.38x10-5 15.66x 10-5 
CO2 (mol/I) 19.24x10-
5 17.45xlQ-5 16.19x 1 0-5 15.27x10-5 
(C*-C02)/C02 (%) 0.3 0.5 1 3 
It can be seen from table C.1 that the assumption C*;:::;C02 is valid since the relative error is less 
than 5%. 
It was assumed that there is no gas-liquid mass transfer limitation since the rates of ferrous iron 
oxidation and oxygen fixation were increasing without flattening out (Fig. 4.9-4.11, 4.13-4.15). 





Figure C.l: Rate curve trend in case of gas-liquid mass transfer limitation 
At 35°C oxygen solubility is about 20.86x 10-5 molll (Eq. C.2) and the corresponding 
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and this corresponds to a maximum rate of ferrous iron oxidation of 175.68 mmol Fe2+/l.h (Eq. 
4.1 with C02=O). These calculations confirm that there is no oxygen mass transfer limitation 
since these maximum rates are significantly larger than the maximum rates of oxygen fixation 
and ferrous iron oxidation obtained in this study (Fig. 4.9-4.11, 4.13-4.15). 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
